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Abstract 
The removal of lead, copper and cadmium ions from aqueous streams using lecithin 
enhanced micro filtration with 0.2 J1fII pore size tubular ceramic membranes has been 
investigated. 
Measurements of the surface tension at varying lecithin concentrations were carried 
out to determine the critical micelle concentration (CMC) of lecithin and the effects of 
lead ions, mixtures of lead and copper ions, and mixtures of lead, copper and 
cadmium ions in solutions on the CMC of lecithin. The zeta potential and the effects of 
the single and multiple metal ions on the zeta potential of lecithin were also 
investigated. The influence of lecithin concentrations, cross flow velocity and 
transmembrane pressure on the rejections and steady state permeate flux behaviours 
were examined. 
The CMC of lecithin was found to be 9 grl. An increase in metal ion concentration 
caused a decrease in the CMC and an increase in the zeta potential of lecithin 
solutions, suggesting the binding of the metal ions onto the lecithin. An increase in 
lecithin concentration was found to improve metal ions removal. Lecithin showed 
preference for the metal ions in the order Pb2+ > Cd 2+ > Cu 2+. Metal ion removal 
was influenced more by lecithin concentration and less by transmembrane pressure 
and cross flow velocity. The steady state permeate flux and rejection behaviours have 
been explained by microscopic phenomena and a mathematical model has been 
developed to predict the steady state permeate flux. The lecithin concentration that 
remains in the permeate was less than 9% of the feed solution. 
The study has shown that lecithin enhanced micro filtration is a technically suitable 
technique for removal of lead, copper and cadmium ions in aqueous solution. 
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1.1 Background 
CHAPTER ONE 
INTRODUCTION 
Introduction 
In recent years there has been great concern about concentrations of heavy metals in 
industrial effluents that are discharged into the environment. The reason for this may be 
due to the fact that these metal ions enter water bodies, soils and aquifers. If not removed, 
they invariably find their way into the food chain, accumulate and cause harm to both 
man and animals. The industries which have heavy metals in their waste water include 
mining, battery, metal finishing, semiconductor manufacturing and mineral processing. 
Though there are quite a number of technologies available for the removal of heavy 
metals, for example, biosorption of metal ions (Williams et. al., 1998), some factors that 
need to be considered in making a suitable choice include removal efficiencies, energy 
requirements, the ability to cope with different metal ions in waste streams, varying 
concentrations of wastewater, footprints of the process plant and cost. For example, the 
conventional method, involving alkaline precipitation and gravitational settling cannot 
always satisfy the environmental legislation in, for example, the UK. Reverse osmosis is 
a technical alternative, but compared to microfiltration, it requires more energy and yields 
lower permeate fluxes. Also, it is important to ensure that no secondary toxic pollutants 
are introduced into the environment after removing the metal ions from solution and 
further processing of the retentate needs to be considered in the selection of the suitable 
technology. 
This thesis is concerned with an alternative method for metal ion removal called 
surfactant enhanced crossflow filtration (SECF). SECF has been applied to the removal 
of metal ions, oils and nitrates (Hong et. aI., 1998, Nabi et al., 2000, Scamehorn et. al., 
1989, Morel et.al., 1991). The principle behind SECF is to increase the 'effective size' of 
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the pollutant molecules by adsorbing them onto an aggregate of surfactant molecules, 
thus making it difficult for them to pass through the membrane during crossflow 
filtration. 
The critical micelle concentration (CMC), the size of micelle formed and, and its surface 
charge are typical properties that could be used to characterize the feed solutions. The 
CMC of the surfactant is the concentration at which the surfactant molecules starts to 
aggregate. The smaller the CMC the lower the surfactant concentration required for the 
enhancement of the microfiltration. Higher retention may be achieved by forming larger 
surfactant aggregates. A negatively charged surfactant is required for the binding of the 
positively charged metal ions in aqueous solution. 
Lecithin surfactant, which was used for the study, is primarily made from plant seed, 
although it can be produced from a variety of animal or vegetable sources. It is a complex 
mixture of phosphatides or phospholipids. It is water soluble and amphoteric. 
Commercially, lecithins have been widely used in the medical, cosmetic and food 
industry. Lecithin has also been found useful in enhancing ultrafiltration for the removal 
of heavy metals because it is naturally occurring, cheap, nontoxic, biodegradable and 
forms large size micelles (Wakeman and Kotzian, 2000). It has a varying structure with 
an average molecular weight of 750 Daltons. The mean globule diameter of soybean in 
water emulsions, obtained for a series of commercial soybean lecithin was determined to 
be about 5 /lm (Attwood and Florence, 1983). 
Wakeman and Kotzian (2000) used micellar enhanced ultrafiltration for the removal of 
single metal ions in aqueous solution to achieve significant removal efficiencies. In their 
study, they investigated the mechanism which influences the permeate flux and rejection 
levels of the enhanced crossflow filtration process for single metal ion species in aqueous 
solution using copper and cadmium ions. Since in reality effluents contain mixtures of 
metal ions, it is necessary to confirm their findings with another metal ion in aqueous 
solution and also carry the investigation further with mixtures of metal ions in aqueous 
solutions. 
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1.2 Objective of study 
The objective of this study is to identify the mechanisms responsible for steady state 
permeate flux and rejection for lead ions, mixtures of lead and copper ions and mixtures 
of lead, copper and cadmium ions in aqueous solutions using lecithin enhanced 
microfiltration with 0.2 f.lm pore size tubular ceramic membranes. 
1.3 Scope of work 
The feed solutions were characterized using surface tension and zeta potential 
measurements. The surface tension measurements were carried out to determine the CMC 
of lecithin. The zeta potential and mean surface volume (sauter) diameter were measured 
to determine the surface charge and mean particle diameter of lecithin in solutions using a 
Malvern Zeta Sizer and a Malvern Master Sizer respectively. 
The effects of lecithin concentration, metal ion concentration, transmembrane pressure 
and crossflow velocity on permeate flux decay, steady state permeate fluxes and rejection 
for crossflow filtration using 0.2 f.lm tubular ceramic membranes were investigated. 
A mathematical model has been developed based on microscopic properties and used to 
predict the steady state flux for single and mixtures of metal ions species in feed solutions 
and to explain the macroscopic measurements obtained. 
3 
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CHAPTER 2 
LITERATURE SURVEY 
2.1 Membrane filtration processes 
Literature Survey 
Membrane filtration as applied to solid - liquid separation concerns itself mainly with 
microfiltration and ultrafiltration membranes (Rushton et al., 1996). The differences 
between microfiltration and ultrafiltration are determined by the feed particle sizes and 
the composition of the feed solutions, as well as by the different pore sizes in the 
membranes. In many cases, to avoid membrane clogging and ensure filtrate quality, 
ultrafiltration membranes are used instead of microfiltration membranes (Gutman and 
Knibbs, 1989) as these may prevent fouling material entering the membrane structure 
However microfiltration membranes often do give a better flux rate. 
Microfiltration (MF) 
The nominal pore size used for MF is between 0.1 and 10 f.1m. Microfiltration membranes 
are able to retain or reject bacteria, colloids and suspended solids in feed solutions. 
Microfiltration could be used for other commercial purposes such as recycling of paint 
pigments. When pretreatment chemicals are added to precipitate solutes to filterable size, 
microfiltration could be used to remove them. Thus, above a certain threshold, 
microfiltration has the ability to provide particle-free permeate and has been applied to, 
for example, the treatment of industrial laundry effluents (Porter, 1990). Microfiltration 
membranes are made of polymers, ceramic and metal. Metal MF membranes are less 
prone to brittle fracture than ceramic MF membranes. Both the ceramic and metal have 
high mechanical, thermal and chemical stability. The transmembrane pressure range is 
about 20 to 200 kPa. The flux is usually greater than 50 m3 m·2 dai1 kPa-1• A depth 
filtration effect can be experienced with microfiltration if particle sizes in the feed are 
4 
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smaller than the membrane pore sizes. In the larger applicable size ranges, microfiltration 
competes with conventional pressure filtration and centrifugation. 
In the selection of a membrane, consideration has to be made on the finer end of the 
suspended particle distribution and the coarser end of the membrane pore size distribution 
since an overlap results in Iow flux (Tarleton and Wakeman, 1993a, 1994b). However, at 
high suspended solids concentration solids can bridge over the pores in the filter medium 
to form a protective layer so the internal clogging effect is not severe. 
Ultrafiltration (UF) 
Compared to MF, UF transmembrane pressures are usually higher though they do not 
usually exceed 400 kPa. The pore size region for UF is between 0.005 and O. I !lm. The. 
permeate flux is usually less than 0.05 m3 m-2 h-1 and is less affected by pressure because 
of the formation of the gel layer. Compared to MF, UF provides lower permeate flux but 
are less prone to flux decay. When metal ions are complexed with macromolecules or 
sorbed onto particulate resins or surfactants they can be retained on ultrafiltration 
membranes. The retained metal ions could be recovered by electrolysis or pH change. 
The structures of an UF membrane compared to MF are typically more asymmetric and 
consist of a thin top layer supported by a porous sub-layer. The top layer of the UF 
membrane determines the mass transfer resistance. Thus, the characteristics of the UF are 
determined by its thickness, pore size distribution and surface porosity. 
5 
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2.2 Membranes 
Membranes can be classified based on their structural differences, type of materials they 
are made from or their behaviour in water. 
Structure of membranes 
The three basic membrane structures that are commonly used for filtration are 
homogeneous, asymmetric and composite. The mechanical integrity and chemical 
resistance include some of the factors that determine the membrane structure. The 
homogeneous structure has a uniform pore profile through the membrane. In contrast to 
the homogeneous membranes, asymmetric membranes are made of a thin, dense skin 
(active layer) with a porous support layer underneath. Composite membranes are an 
improvement of over asymmetric membranes. They allow one to produce support and 
active (skin) layers from different materials which are selected for optimum function in 
each case. (Rautenbach and Albrecht, 1989). 
Nature of membranes 
Inorganic membranes have been developed as competitors to polymer membranes that 
were used previously, because of their inherent strength, chemical inertness and 
hydrophilicity. Higher transmembrane pressures ranging from 1000 to 2000 kPa could be 
used with inorganic membranes. The inorganic membranes have the disadvantage of 
being more expensive and brittle compared to the polymer membranes. 
Compared to the hydrophobic membranes, the relative permeate flux is higher for 
hydrophilic membranes from investigations carried using microfiltration (Enoch et aI., 
1994) which has been confirmed by Nystrorn and Jarvinen (1991) using ultrafiltration. 
This behaviour was attributed to the high attraction of water by the hydrophilic 
membranes making it impossible for adsorption to take place. Some of the membranes 
6 
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that are commonly used include polytetrafluorethelene (PTFE), polyethersulphone (PES), 
polycarbonate (PC), polystyrene (PS), nylon, zirconia, and cellulose membrane. 
2.3 Concentration polarization 
In all pressure driven membrane filtration processes, some or all the solutes in the 
solution are retained by the membrane while the solvent flows through the membrane. 
The concentration of the solute in the permeate is lower than the concentration in the bulk 
solution. The retained solutes accumulate on the membrane surface with time. Close to 
the membrane surface a boundary layer is formed and the concentration of the solutes 
increases until it reaches a value Cm. This is shown in Figure 2.1 
Crossflowing 
solution 
x 
Boundary 
layer 
1.e 
D. de/dx 
,~---- membrane 
o 
J . cp 
~> 
c:::::=.> permeate 
Figure 2.1: Concentration polarization: concentration profile under steady state 
conditions (Mulder, 1991) 
.If the feed solution is completely mixed such that at a distance 3, from the membrane 
surface the concentration is Cb and the concentration increases to reach a value Cm at the 
membrane surface, there is a diffusive back flow towards the bulk of the feed with the 
accumulation of solute at the membrane surface. At steady state, the solute flux through 
7 
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the membrane plus the diffusive flow from the membrane surface to the bulk solution 
will be equal to the convective flow to the membrane ie . 
dc Jc+D-=Jcp dx 
Using the boundary conditions: x = 0, 
and integration of the equation (2.1) yields: 
J!... 
D 
The rejection is defined as; 
C =Cm , 
Substituting equation (2.3) into equation (2.2) yields; 
J 
exp(-k) 
cm 
- = ---""-------:--
J 
R j + (I-R).exp(k' ) 
where k is defined by 
(2.1) 
c = Cb 
(2.2) 
(2.3) 
(2.4) 
(2.5) 
k is the mass transfer coefficient and D and I) are the diffusion coefficient and the 
thickness of the boundary layer respectively. 
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The ratio of Cm/Cb is referred to as the concentration polarisation modulus. It has the 
following properties: 
• it increases with increasing flux J; 
• it increases with increasing rejection; 
• it increases with decreasing mass transfer coefficient k. 
When there is lOO % retention of solute, equation (2.4) reduces to: 
Cm (J) ~=exp k (2.6) 
Some of the effects of concentration polarization include: 
• increased solute concentration at the membrane surface; 
• flux decline which can be severe in microfiltration and ultrafiltration. 
The effect of concentration polarization is very severe in microfiltration and 
ultrafiltration because high fluxes and low mass transfer. coefficients result in the low 
diffusion coefficient of the solutes in the feed solution. An increase in the feed 
temperature will lead to an increase in the diffusion coefficient of the retained solute and 
a decrease in the viscosity of the feed solution and thus increase the mass transfer 
coefficient. Some of the ways to help overcome concentration polarisation include the 
following (Murkes, 1978): 
• Improved hydrodynamics of modules with higher shear forces 
• study of dynamic membranes and their interaction with the supporting membranes 
• the feed solution and membrane interaction. 
9 
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2.4 Flux behaviour in membrane filtration 
The flux of pure water through a membrane is directly proportional to the applied 
pressure, given by: 
where 
Rm - hydrodynamic resistance of the membrane. 
J - permeate flux of pure water 
L1P - transmembrane pressure 
Po - viscosity of water 
(2.7) 
The hydrodynamic permeability (Lp) is also related to the viscosity and the 
hydrodynamic resistance by: 
L =_1_ 
P J.l. Rm 
(2.8) 
pure water 
J 
solution 
AP 
Figure 2.2: Flux versus applied pressure for both pure water and solution (Mulder, 1991) 
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The flux profiles for both pure water and solution is shown in Figure 2.2. For the case of 
feed solutions the flux increases with an increase in pressure until a limit is reached after 
which an increase in pressure causes no increase in flux. This limiting flux as shown in 
Figure 2.2 is represented as J~. The limiting flux depends on the concentration of the bulk 
solution Cb and the mass transfer coefficient k. When J is replaced by J~ in equation (2.6) 
we obtain 
(2.9) 
The limiting flux decreases with increase in the feed concentration, keeping both the 
mass transfer and concentration at the membrane constant. However, at constant feed, the 
limiting flux increases with increase in mass transfer coefficient k. 
2.5 Membrane filtration models 
The basic and common filtration models which have been reported upon in the literature 
include: 
• Gellayer model (Mulder, 1991); 
• Osmotic pressure model (Mulder, 1991); 
• Cake filtration model (Sorensen and Sorensen, 1997) 
• 
Gel layer model 
The solute concentration at the surface of ultrafiltration membranes is generally high and 
usually reaches a maximum concentration, the gel concentration (see Figure 2.3). This 
gel concentration depends on the size, shape and chemical structure of the solute. 
For the gel layer model, assuming a complete rejection of solute, then the permeate flux 
increases with pressure till the gel concentration is reached after which further increase in 
pressure causes no increase in the solute concentration at the membrane surface. The gel 
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layer formed becomes thicker and more compact and its resistance to permeate flux 
increases. Thus, the limiting factor to the flow of the solvent is the gel layer. The existing 
total resistance comprises the membrane resistance Rm and the gel layer resistance Rg• 
Cb 
Crossflowing solution 
nu 
x 
boundary 
layer gel layer 
0 
Figure 2.3: Concentration polarization and gel layer formation 
The flux in the gel layer region can be described by: 
C 
kin (2..) 
Cb 
membrane 
> Penneate 
> 
(2.10) 
A plot of the limiting flux against the logarithm of the bulk concentration of the feed 
yields a straight line with the slope -k and the x-intercept equal to the logarithm of eg• The 
gel layer has a significant contribution to both the limiting flux behaviour and the 
concentration polarisation in ultrafiltration. 
12 
Chapter 2 Literature Survey 
Some criticisms of the gel layer model include (Mulder, 1991): 
• The gel concentration is not a constant but it is dependent on the bulk concentration 
and the cross flow velocity 
• The value of gel concentration for a given solute have been reported differently in the 
literature 
• The assumption that the mass transfer coefficient, k is constant is not wholly true 
since the diffusivity of the macromolecular solute may be concentration dependent; 
• The osmotic pressure of the solution is neglected in the model. 
Osmotic pressure model 
For high flux and rejection levels with low mass transfer coefficient k, the concentration 
of the solutes on the membrane may be appreciably high such that the osmotic pressure 
cannot be neglected. Accounting for the osmotic pressure component in the flux 
equations yields: 
(2.11) 
where ,dP is the hydraulic pressure difference and Llll" the osmotic pressure difference 
across the membrane. The solute concentration at the membrane Cm can be used to 
determine the value of Lln: 
An increase in the pressure difference causes both an increase in the flux and the 
concentration of solute Cm at the membrane surface, which results in an increase in 
osmotic pressure. Thus, the pressure increase is counter balanced by the increased 
osmotic pressure. The relationship between the osmotic pressure and the concentration 
of the solute is given by: 
.1. 1t = a. cn (2.12) 
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where a is a constant and n is an exponential factor greater than 1. For semi-dilute or 
concentrated polymer solutions the value of n is greater or equal to 2. Assuming 100% 
rejection of the solutes at the membrane and applying the osmotic pressure effect to the 
concentration at the membrane interface yields: 
] = M' - a.cb " exp (n.J I k) 
fJ·Rm 
(2.13) 
The derivative of the above equation which shows how the flux changes with the increase 
in pressure is given as: 
(2.14) 
Combining equations 2.12 and equation 2.13 yields: 
(2.15) 
Equation 2.15 may also be written as: 
(2.16) 
The derivative (a]1 ae) will approach zero for very high ,11l' which implies that the flux 
may not increase when the pressure increases, which indicates that the limiting flux, ] ... 
region has been reached. The effectiveness of an increase in pressure becomes less 
significant at high pressures due to an increase in the resistance. This can be attributed to 
the osmotic pressure. 
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Cake Filtration Model 
The relationship between applied pressure, liquid flux and average resistance of a cake 
(Sorensen and Sorensen, 1997) is: 
Integrating the above equation yields: 
where 
Cl is the total amount of cake solids deposited per volume of filtrate. 
f1. - viscosity of the liquid 
rbl- resistance per cake thickness 
V - filtrate volume 
A - cross sectional area of filter bed 
Rm - membrane resistance 
t - filtration time 
Deadend filtration 
(2.17) 
(2.18) 
Pressure is applied to the solution and feed flow is perpendicular to the membrane. There 
is usually an accumulation of fouling material on the membrane surface producing a cake 
resistance effect that leads to a gradual decline in the filtrate flux with time. 
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Crossflow filtration 
The filtration arrangement where the permeate flows tangentially to the applied pressure 
is known as crossflow filtration. The effect of decline in the filtration flux experienced in 
deadend filtration is improved by adopting the crossflow arrangement. The accumulated 
deposits on the membrane are removed by the accompanying fluid shear allowing higher 
filtration rates to be achieved. (Makulasek, 1998). Normally the filtration rate comes to a 
steady state value as the effect of surface shear prevents further deposition of fouling 
material on to the membrane. 
2.6 Particulate fouling in crossflow microfiltration 
Flux decline in cross flow microfiltration 
Generally, similar characteristics are observed in all crossflow microfiltration tests 
carried out with suspensions. At the beginning of the filtration there is a sharp fall in the 
filtration rate when compared to clean water. The rapid fouling of the membrane that 
occurs during this period is attributed to the accumulation of particulate matter at or near 
the membrane surface. The flux decreases more gradually after the sharp fall until a near 
equilibrium rate is reached. 
The sharp decline in permeate flux is irreversible and is due to the rapid deposition and 
capture of the finer particles from suspensions and their subsequent penetration into the 
pores of the membrane. The gradual flux decline process is reversible is caused by further 
formation of particulate layers above the membrane surface. The particulate layer that is 
in the form of a cake is sometimes referred to as the dynamic membrane. These two 
independent mechanisms which occur simultaneously in crossflow filtration have been 
identified and reported by Tarleton and Wakeman (1993a). 
16 
Chapter 2 Literature Survey 
Compared to the conventional dead--end filtration which has its thickness limited by the 
available pressure, the cake formed in microfiltration or ultrafiltration is restricted by the 
shear forces at the cake surface. During the filtration process the shear forces tend to 
remove particles from the cake while the drag acting on the particles on the membrane 
surface tend to keep the particles in the cake. When the sum of the cohesive forces 
between the particles and the drag force is equal to the shear forces, the cake can be 
considered to have a pseudo-constant thickness. For crossflow filtration the flux does not 
often get to zero as compared to dead-end filtration where the filtration flux approaches 
zero as the limiting thickness is reached. A finite flux is usually associated with the 
limited thickness for crossflow filtration. However, a flux close to zero may be reached 
for cases where a gel instead of a cake is formed on the membrane surface, especially for 
ultrafiltration. 
Some of the factors that influence the fouling by particulates in crossflow filtration 
include: -
• particle size; 
• filtration pressure; 
• crossflow velocity; and 
• suspension concentration. 
Effects of particle size 
Generally, a decrease in particle size in the feed results in a decrease in the overall flux. 
Experimental results by Tarleton and Wakeman (1993a) showed that for long filtration 
periods, the fluxes for large (24 !lm) and small ( 2.6 !lm) particle systems, especially at 
high concentrations and crossflows, were observed to be similar in magnitude. 
It has been reported in the literature that crossflow velocity affects particulate suspension 
filtration in different ways (Wakeman and Tarleton, 1991). An increase in crossflow 
velocity causes a decrease in filtration flux for feed suspensions containing a higher 
17 
Chapter 2 Literature Survey 
proportion of large particles. This is because, the cake layer is progressively composed of 
finer particles with the increase in the crossflow velocity which results in an increase the 
resistance of solute deposits and thus lower filtration rates. 
Effect of Membrane Pore Size 
Tarleton and Wakeman (l994c) observed that when the majority of the particles in the 
feed were significantly larger than the pores in the membrane, the pore size had little 
influence on the flux or rejection They observed that if the pore sizes in the membrane 
were much larger than the particles in the feed there is an improvement in the flux but the 
solids rejection was poorer. 
Effect of Filtration Pressure 
An increase in filtration pressure causes an increase in the filtration rate for a feed 
suspension consisting of relatively large particle sizes. The permeate flux is not 
proportional to the applied hydraulic pressure gradient in a crossflow system. In 
particular, when the feed suspension contains relatively high proportions of particle fines, 
only small increases in flux results for substantial increases in pressure (Tarleton and 
Wakeman, 1994b). This behaviour seems to deviate from Darcy's law that states that the 
flow rate is directly proportional to the applied pressure gradient for a liquid flowing 
through a porous media. Tarleton and Wakeman (l994b) found that an increase in 
filtration pressure could increase fouling and does not always lead to an increase in 
filtration performance. Also, that the particle shape plays a role and needs to be 
considered. The potential improvement that could be achieved by increasing the pressure 
may be fully compensated by an increase in the flow resistance of foul ants at or near the 
membrane pore throats. 
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Effect of Crossflow Velocity 
There are contradictory results reported in the literature on the effects of crossflow 
velocity on the filtration rate. Experimental results obtained by Tarleton and Wakeman 
(1994b) show that when the feed suspension consisted of ground calcite (2.5 Ilm), an 
increase in crossflow velocity produced an increase in filtration flux. However, when the 
feed suspension consisted of a greater percentage of large unground particles of calcite 
(24.3 Ilm) an increase in crossflow velocity caused a decrease in filtration rate. 
Effect of Suspension Concentration 
Generally, an increase in the solids concentration in the feed suspension causes a decrea 
se in the filtration flux. For different feed suspension concentrations at longer filtration 
periods the fluxes obtained are similar (Tarleton and Wakeman, 1994b). For concentrated 
feed stream there is a tendency for the particles to bridge the membranes pores rather 
than plug them, while the converse occurs for the case of dilute suspensions where there 
is the tendency for particles to plug the pores of the membrane. For different feed 
concentrations the fouling mechanisms may be significant with various extent of pore 
blocking and bridging during the initial period of microfiltration. The permeate fluxes are 
similar after the initial stage due to the increase in flow resistance of the cake compared 
with the membrane (Tarleton and Wakeman, 1994b). 
2.7 Surfactants 
A surfactant is a surface active agent which, when present in low concentrations, has the 
ability to adsorb onto the surface or interfaces of the system in which it is present, 
thereby causing significant changes in the work required to expand those interfaces 
(Rosen, 1978). Surfactants have been widely applied in the chemical and pharmaceutical 
industries. Surfactants, due to their high selectivity property, have been employed in 
enhancing membrane ultrafiltration. Natural surfactants are preferred to synthetic 
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surfactants because the synthetic surfactants have the disadvantage of introducing 
secondary pollutants into the penneate. Also, the natural surfactants are non-toxic, 
biodegradable and abundant. 
Behaviour of Surfactants 
Surfactants have both a hydrophilic and hydrophobic group. The hydrophobic group has 
little attraction for water while the hydrophilic group has a strong attraction for water. 
The hydrophobic group of the surfactants in an aqueous solution causes a distortion of the 
solvent liquid structure that results in an increase in the free energy of the system. The 
increase in the free energy of the system makes it easier to bring the surfactants to the 
surface since less work is required to do so. Thus, surfactants generally decrease the work 
needed to create unit area of surface or decrease the surface tension. The hydrophilic 
group of a surfactant prevents complete rejection of the surfactant from the solvent. The 
presence of a surfactant in an aqueous solution causes the following: 
• concentration of the surfactant at the surface; 
• reduction of the surface tension of the solvent; 
• orientation of the molecule at the surface with the hydrophobic group directed away 
from the liquid phase while the hydrophilic group is oriented into the aqueous phase. 
The hydrophobic group is usually a long chain hydrocarbon while the hydrophilic group 
is either an ionic or highly polar group. 
Properties of Surfactants 
Some of the properties that could be used to characterize sufactants are: 
• critical micelle concentration 
• solubilization capacity 
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Critical Micelle Concentration (CMe) 
The concentration at which surfactants begin to aggregate to form macromolecules or 
micelles is known as the critical micelle concentration (CMC). Micellation, just like 
adsorption is able to reduce the free energy of the system by removing the hydrophobic 
groups from contact with the solvent. For the case of an ionic surfactant, the molecules 
may experience electrostatic repulsion from other similar charged surfactant molecules in 
the micelle which may increase the free energy of the system and oppose micellization 
(Rosen, 1978). Some of the physical properties that have been used to measure CMC 
include: 
• electric conductivity; 
• surface tension; 
• light scattering; and 
• refractive index concentration curve. 
The CMC of three different surfactants namely, lecithin (Centrolex F, M-C- Thin), 
sodium salt of deoxycholic acid (DCA) and sodium dodecyl sulphate (SOS) were 
determined by Huang et al., (1994) using the conductivity method. Their measured value 
of CMC is specific to each surfactant as shown in Table 2.1. 
Table 2.1: The critical micelle concentration of different surfactants as determined using 
the conductivity method (Huang et al., 1994), 
Surfactant Measured Value (mM) Molecular Weight 
Centrolex F 2.7 -4. 0 750 
M-C-Thin 1.3 - 2.7 750 
SOS 8.0- 8.5 283 
DCA 4.8-6.0 414.6 
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Centrolex F and M-C thin are different types of lecithin. Wakeman and Kotzian (2000) 
measured the critical micelle concentration of lecithin using the surface tension method 
and obtained a value of about 13.3 mM which falls outside the range of values obtained 
by Huang et aI., (1994). The difference may be due to differences in composition of the 
lecithin solutions 
Both lecithin and DCA have high molecular weight, form large size micelles in the 
retentate and have small CMC that minimizes the surfactant monomers in the permeate. 
Without the addition of additives and at concentrations near to the CMC, the structure of 
micelles is generally spherical with an interior region containing the hydrophobic groups 
of the surfactant molecule that is surrounded by an outer region containing the hydrated 
hydrophilic groups and bound water. However, in an organic medium there is a reversal 
in the structure of the micelle, that is the hydrophilic heads are found in the interior 
region, surrounded by an outer region containing the hydrophobic group and 
hydrocarbon. 
Changes occur in the size, shape and the aggregation number of micelles and the 
structure of the micelle varies from spherical to rodlike or lamellar shape with changes in 
temperature, concentration of surfactants and additives (Rosen, 1978). 
The factors that have been found to affect the value of CMC in aqueous solution include 
the following: 
• structure of the surfactant; 
• presence of added electrolyte in solution; 
• presence of organic additives; 
• temperature of the solution. 
Ionic surfactants have higher CMC than nonionic surfactants containing equivalent 
hydrophobic groups in aqueous solutions. There is a decrease in the CMC of the 
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surfactant with an increase in binding of the counterion in aqueous systems. The extent of 
binding of the counterion decreases with increase in its hydrated radius but increases in 
its polarizability and valency. 
The CMC in aqueous solutions decreases as the hydrophobic character of the surfactants 
increases. There is a decrease in CMC in aqueous solution in the presence of an 
electrolyte. This effect is more pronounced in ionics than for nonionics. The decrease 
may be due to the decrease in the thickness of the ionic atmosphere surrounding the ionic 
head groups in the presence of the additional electrolyte and the decrease in electrical 
repulsion between them in the micelle. An increase in temperature leads to a decrease in 
hydration of the hydrophilic group that favours miceIIization. Also, an increase in 
temperature leads to the disruption of the structured water surrounding the hydrophobic 
group that does not favour miceIlization. Thus, whether the CMC increases or decreases 
with temperature depends upon the relative magnitude of the opposing effects. 
Classification 0/ sur/actants 
Surfactants can be classified based on the nature of the hydrophilic group as follows: 
• Anionic; 
• Cationic; and 
• Nonionic. 
Anionic Surfactants 
For anionic surfactants the surface-active portion of the molecule bears a negative charge. 
Sodium dodecylbenzene sulfonate is a typical example of anionic surfactant. It is rejected 
by a 1000 dalton cut-off membrane but passes through a 5000 dalton cut-off membrane. 
Increasing the alkyl chain of the surfactant causes an increase in the micelle size, lowers 
the critical micelle concentration (CMC) and increases the solubilization capacities .. 
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Anionic surfactants with long chain of hydrocarbons have a tendency to undergo phase 
change easily. 
Cationic Surfactants 
For cationic surfactants, for example, quartemary ammonium chloride, the surface-active 
part bears a positive charge. For the same alkyl chain length, the cationic surfactants have 
lower Krafft temperatures compared to the anionic surfactants. The Krafft temperature is 
the temperature at which there is a rapid increase in solubility of a surfactant with 
practically no increase in temperature «Porter, 1994). A high molecular weight cationic 
surfactants having large micelles can be used at room temperature. 
Non-ionic Surfactants 
The surface-active part of nonionic surfactants bears no apparent ionic charge for 
example, RCOOH2CHOHCH20H. Nonionic surfactants have lower critical micelle 
concentration (CMC) values and form larger micelles compared to ionic surfactants. 
When nonionic surfactants are used with very high molecular weight cut off 
ultrafiltration membranes, high fluxes are achieved. Compared to the ionic surfactants, 
the nonionic surfactants have much larger molecular weights, for example, a nonylphenol 
polyethoxylate with ten ethylene oxide units has double the molecular weight of a typical 
ionic surfactants. Also, upon mixing nonionic surfactants with a variety of compounds 
very stable macroemulsions are formed. Based on economic considerations, the ionic 
surfactants are preferred to the nonionics (Dunn et al., 1985). 
24 
Chapter 2 Literature Survey 
2.8 Ultrafiltration and microfiltration of surfactant dispersions 
This section briefly describes some of the factors that influence surfactant dispersions in 
ultrafiltration and microfiltration. 
Factors that affect the permeate flux 
When there is no solute, the permeate flux is proportional to the transmembrane pressure 
LlP and the intrinsic membrane resistance, Rm by: 
J _1dV_LlP ------
A dt f.l Rm 
Where 
V = volume of permeate produced 
A = filter area 
t = filtration time 
(2.7) 
When there are solutes there is an increase in resistance caused by the accumulation of 
the solutes in the pore and surface of the membrane and the flux is given by: 
where Rj is the resistance due to solute membrane interactions 
Rf is the fouling layer resistance 
(2.19) 
The permeate flux approaches a steady state within minutes during ultrafiltration of 
surfactants and does not depend upon the type of surfactant (Akay and Wakeman, 1993). 
Some of the factors that influence the permeate flux during ultrafiltration of surfactants 
include: 
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• Transmembrane Pressure; 
• Crossflow Velocity; 
• Temperature; 
• Feed Concentration; 
• Electrolyte Type and Concentration. 
Effect of Transmembrane Pressure 
The relationship between the membrane fouling resistance and membrane pore resistance 
and transmembrane pressure has been proposed by Grieves et al., (1973) as; 
(Rj+Rj) cc Cs" u b 1" &>e 
where 
u = crossflow velocity 
C, = concentration of the surfactant 
T = absolute temperature 
a, b, c, and e have been found to be a = 0.825 b = 1.26 c = 8.92 and e = 2.25 
(2.20) 
The Grieves et al., (1973) equation is valid for a limited transmembrane pressure. The 
permeate flux increases with increase in transmembrane pressure initially till the fouling 
layer is established after which it does not increase any further unless there is a reduction 
of surfactant concentration in the feed (Akay and Wakeman, 1993). 
Effect of Crossflow Velocity 
An increase in crossflow velocity causes an increase in flux that may be due to a decrease 
in the surfactant layer thickness on the membrane surface as a result of fluid erosion 
(Akay and Wakeman, 1993). The phase behaviour of surfactants can be transformed by 
the flow. The spherical micelles can be changed into rodlike micelles at low shear rates. 
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This increases the viscosity of the surfactant solution. These rodlike micelles, when 
formed, will be rejected more easily from the membrane compared to the spherical 
micelles since they do not form closed packed structures. 
Effect of Feed Concentration 
An increase in surfactant concentration causes a decrease in ultrafiltration flux. The gel 
concentration that results from polarization during surfactant ultrafiltration does not seem 
to depend on crossflow velocity and membrane pore size (Akay and Wakeman, 1993). 
The rate of decay of the steady state flux with the average bulk concentration is fast for 
large membrane pore sizes and/or with increase in crossflow velocity. The concentration 
of the gel layer is well above the CMC of the surfactant and may probably be associated 
with the formation of stable viscous phases. Another possible explanation for the gel 
concentration being far higher than the CMC may due to occupation of the membrane 
pores by hydrated surfactant crystals at low temperature. 
Effect of Membrane Type. 
The type of gel structure and the nature of the interaction between the surfactant and 
membrane influence the flow through the membrane pores. When interaction between the 
surfactant and membrane is strong enough to allow gel growth to start from the 
membrane wall to cover the whole cross section of the pore, the gel polarization is rapid. 
When the gel growth is due to micellar interactions then passage of water could be 
through inter-micellar spaces or through defects in the liquid crystalline surfactant phase. 
Alternatively, the water passage could be through the interface of the 
membrane/surfactant phase and its effect is the reduction of the pore size and porosity of 
the membrane. 
Investigations by Laslop and Staude (1986) showed that for hydrophobic surfactants, gel 
polarization occurs at a lower surfactant concentration. Akay and Wakeman (1993) 
27 
Chapter 2 Literature Survey 
explained this behaviour by stating that the hydrophobic surfactant fonns liquid 
crystalline or solid phases at much lower surfactant concentrations. 
Effect of Electrolyte 
The phase behaviour of ionic surfactants is strongly influenced by the presence of 
electrolytes and the effect is more significant with electrolytes containing high valencies. 
An increase in concentration of electrolyte causes a reduction of the head group repUlsion 
and thus a decrease in the CMC of surfactants. However, for non-ionic surfactants the 
CMC is not significantly influenced by the presence of electrolytes. The binding of 
counterions with micelle structure have been applied in micellar enhanced ultrafiltrations 
for the removal of multivalent ions from aqueous streams by several authors in recent 
years. 
Electrolytes can also cause early gel polarization by enhancing inter-surfactant 
association, for example by crystallization or salting out. Laslap and Staude (1986) 
showed that when there is no electrolyte, no relative flux decay is experienced in reverse 
osmosis for surfactant concentrations less than 1 g rl but the presence of sodium chloride 
and nickel chloride causes a rapid occurrence of gel polarization. For more hydrophobic 
anionic surfactants, sodium ions were found to be more effective compared to nickel ion 
in causing gel polarization. 
Effect of Organic Phase 
In the presence of oil the penneate flux is higher, and compared to a surfactant solution in 
which the concentration of the surfactant is 2.5 times lower than that of the oil, the rate of 
decay is slower (Akay and Wakeman, 1993). In most cases the phase behaviour of the 
surfactant is not influenced by oil but in some cases an organic phase may act as a co-
surfactant or hydrotrope. It is expected that the gel polarization concentration is strongly 
affected by the type of oil solubilized by the surfactant. 
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Effect of Solids 
Studies on the effect of inorganic particles including silicates and clays in ultrafiltration 
of aqueous nonionic surfactant solutions has been carried out by Bhattacharyaa et al. 
(1979). Compared to oil/detergent/river water containing particulate solids, it was found 
that the rate of permeate flux decay is quicker and the steady state permeate flux is lower. 
Factors affecting rejection 
Rejection of a dispersed or dissolved component i in water is given by; 
C 
R. =1--P 
, C 
b 
(2.21) 
where Cp is the permeate concentration and Cb is the mean concentration in the bulk on 
the high pressure side of the membrane. 
The rejection also reaches a steady state value in a similar fashion to the permeate flux. 
Factors that contribute to solute rejection include sieving, differences in the diffusion 
rates of the solute and solvent in the membrane, solute/solvent/membrane interactions 
due to Van der Waals forces and effect of the secondary membrane formed by the solute. 
Rejection of Anionic and Nonionic Surfactants in Ultrafiltration 
Generally, rejection of non-ionic surfactant is dependent mainly on the membrane pore 
size and pore size distribution but independent of the membrane charge (Akay and 
Wakeman, 1993). The chemical and electrical nature of the membrane may play a 
significant role in rejection due to the dipole-dipole interactions between the surfactant 
and membrane. The rejection is increased by the formation of a liquid crystalline 
surfactant membrane that may be anchored to the membrane surface. 
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For ionic surfactants with or without any electrolyte, the rejection is mainly affected by 
the ionic interactions between the surfactant and membrane for similar pore size. 
Compared to non-ionic surfactants, the anionic surfactants give a higher rejection. 
The presence of polyphosphate anionic surfactant yields excellent rejection but the 
rejection is hindered when a cellulose membrane is used which indicates the significant 
role played by that phase formation within the membrane or on the surface of the 
membrane. 
An increase in transmembrane pressure adversely affects surfactant rejection that seems 
to suggest that fresh surfactant from the feed stream is continuously replacing. the 
surfactant within the pores and this process is increased at high transmembrane pressure 
gradients. 
Bhattacharyya et al. (1974) observed that the concentration of anionic surfactant in the 
permeate increases with increase in feed concentration for the concentration range they 
carried out their investigation. 
Cabasso (1981) used an anionic surfactant, sodium dodecyl sulphate and a polydimethyl 
phenylene oxide membrane with a cationic surface to study the effect of feed 
concentration on retention. His study revealed that rejection of the surfactant increases 
slowly with increase in feed concentration till the CMC is reached where the rejection is 
more rapid. He obtained rejection higher than 90% for feed concentrations greater than 
theCMC. 
Rejection in Micellar Enhanced Ultrafiltration (MEUF) 
Dunn et aI., (1987) experimental results on the removal of oil using a cationic surfactant, 
cetyl pyridinium chloride monohydrate, (CPC) and cellulose acetate membrane showed 
that when the retentate concentration is above 200 mM, the permeate CPC concentration 
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increases rapidly with the increase in concentration. When the retentate concentration is 
below 200 mM, the concentration of CPC in the permeate is below its CMC (0.88 mM) 
provided the membrane pore size is small (10,000 molecular weight cut-off). They 
observed that the oil concentration solubilized followed the same pattern as the CPC 
concentration. 
2.9 Heavy metal removal from waste water streams 
In the selection of the suitable treatment facility to adopt for the removal of metal ions 
from aqueous streams, the following considerations should be made: 
• compactness of the treatment plant; 
• adaptability of the technology to a variety of metal ions wastewater streams; 
• coping with varying feed concentrations; and 
• energy requirements. 
Conventional Method 
The conventional method is the most common method that has been adopted for the 
treatment of heavy metals in industrial wastewater. Traditionally heavy metals have been 
removed from effluents by pH adjustment with calcium hydroxide or sodium hydroxide 
to precipitate metal out of solution. A sulphide compound may be used to lower the 
solubility product of the heavy metal oxides formed. Allowing the metal oxides formed to 
settle and passing the effluent through a sand filter assists in the removal of heavy metals 
from effluents. To obtain good results using the conventional method it is important to 
allow the reaction to go to completion for complete precipitation of the metals present. 
Efficient separation and filtration is also important to ensure that none of the precipitate 
escapes, entering the final effluent at the discharge point. By simply using pH adjustment 
it has been possible to achieve soluble residual metal concentration of less than 1 mg rl. 
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Since no one pH value is ideal for the precipitation of mixtures of heavy metals in 
solution the pH adopted for the precipitation often ranges between 8.5 to 9.5 (Broom et 
al., 1994). To achieve a higher efficiency of heavy metal removal the process is carried 
out in two stages, with a specific pH for each stage and an intermediate precipitation 
separation. 
The need to look for a technology that has better removal abilities cannot be over-
empasized since the conventional treatment methods are usually energy intensive and 
expensive because of the large volumes of dilute wastewater that need to be handled. 
They may not be able to achieve the standards required by legislation for the discharge of 
effluent. The legislation regarding effluent quality standards for heavy metal containing 
effluents varies from country to country. 
Microfiltration Process 
The microfiltration process achieves excellent filtration capability and is very stable and 
robust. The tangential flow across the surface of the membrane for microfiltration 
minimizes the thickness of the deposit. Irrespective of the nature and particle size 
distribution of solids in the feed liquor, a very high quality of permeate is achieved with 
microfiltration. (Broom et al., 1994 ). Table 2.2 shows a comparison of the performance 
of a crossflow microfilter with a clarifier carried out at Cory Environmental plant (Broom 
et al., 1994). The feed was from a rotary vacuum filter. The clarification time was 18 h 
while the microfiltration was carried out on 100 ml of sample. Clearly, the microfiltration 
gave higher performance compared to the clarifiers especially for high feed 
concentration. It required short residence time, was not susceptible to feed quality 
variations and thus achieved a consistent effluent quality .. Experiments carried out using 
Exxflow plant, which is a microfiItration process, to treat mixed heavy metal containing 
battery breaking effluents achieved high treatment performance in compliance to the 
standards required. Battery breaking effluents are characterized by the high concentration 
of sodium sulphate, the sulphate ion concentration is typically in the order of 1 %, in 
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which are dissolved number of other heavy metals. The effectiveness of the process is 
demonstrated by the data in Table 2.3. 
Table 2.2: Comparison of metal removal by crossflow microfiltration and clarifier pilot 
test for mixed plating wastes: (Broom et. al., 1994). 
Metal Feed Clarifier (mg MicrofiItration 
(mgrl) rl) (mgrl) 
Cadmium 2.44 0.06 0.04 
Chromium 7.24 0.10 <0.08 
Calcium 9.98 2.14 1.48 
Lead 4.88 0.62 0.42 
Mercury 8.00 0.15 0.08 
Nickel 13.00 1.62 1.16 
Zinc 71.20 5.46 1.63 
Table 2.3: Perfonnance of exxflow plant on battery breaking effluent (Broom et. al., 
1994). 
Metal Entlow feed Permeate 
(mgrl) (mgrl) 
Arsenic 2.22 <0.03 
Antimonv 22.2 0.4-0.86 
Cadmium 6.95 -7.43 <0.01 
Copper 5.98 - 7.20 0.05 -0.07 
Iron (11) 240.79 - 379.9 <0.01 
Lead 12.37 0.09 - 0.1 
Mercurv <0.03 <0.03 
Nickel 1.81-2.08 0.02 - 0.04 
Silver 0.03 < 0.01 
Zinc 92.74 0.02 - 0.06 
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Liquid Membranes 
The liquid membrane separates two phases from each other. These phases could be either 
liquid or gas. The driving force could be a chemical potential where the separation occurs 
due to difference in solubility and diffusivity in the liquid film. The two different types of 
liquid membranes are: 
• immobilised liquid membrane (ILM) or supported liquid membrane (SLM) 
• emulsion liquid membrane (ELM) 
For ILM the liquid film is immobolised within the pores of a porous membrane where the 
porous membrane only serves as a framework or a supporting layer for the liquid film. 
These membranes could be prepared by impregnating a hydrophobic porous membrane 
with a suitable organic solvent. 
For the case of ELM two immiscible phases for example, water and oil are mixed 
vigorously to form emulsion droplets about 0.5 !lm to 10 !lm which are stabilized by the 
addition of a surfactant. This water/emulsion is added to a large vessel containing an 
aqueous phase to form water/oil/water emulsion where the oil phase is the liquid 
membrane. The selectivity is mainly based on differences in the distribution coefficients 
of the components with the liquid. 
The addition of a carrier molecule which has a high affinity for one of the solutes could 
help to increase the selectivity by accelerating the transport of this specific component. 
This type of transport is known as carrier-mediated transport or facilitated transport. The 
mechanism of facilitated or carrier-mediated transport is as follows: 
• complexation between the carrier and the solute takes place at feed phase/membrane 
interface 
• diffusion of the carrier -solute complex through the membrane 
• decomposition takes place at the membrane/ interface 
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• free carrier diffuses back. 
Micellar Enhanced Ultrafiltration (MEUF) 
Advantage is taken of the ability of surfactants to form well ordered aggregates and 
structures by using them as carriers for the removal of metal ions or organic contaminants 
from water in MEUF. The micelles of the surfactant have the ability to encapsulate 
organics within their hydrocarbon tails while the ionic species may be bound to the 
micelle surface that is formed by the ionic head groups. 
In MEUF the basic principle is to increase the 'effective size' of the pollutant molecules 
by adsorbing them onto the surfactant thus making it difficult for them to pass through 
the membrane during ultrafiltration. It combines the high flow rate of UF with the high 
selectivity of reverse osmosis to separate dissolved heavy metals and toxic organics from 
aqueous solutions. The success of the MEUF depends on the type of surfactant and metal, 
surfactant to metal ratio, binding characteristics of the surfactant to metal, operating 
pressure and interaction between the surfactant and membrane. About 60 - 200 surfactant 
molecules are able to attach to each other to form macromolecules or micelles. Micelle 
lecithin has a molecular mass in the range of 2000. In MEUF a large molecular weight 
surfactant, for example lecithin, SOS, DCA, is added to the wastewater to promote the 
rejection of the small size pollutants like heavy metals which would otherwise pass 
through the membranes used. The metal ions become electrostatically bound to micelles 
and the resultant increase in size when ultrafiltrated using a suitable membrane yields a 
permeate with a low concentration of metal ion. Micelles and counter ions in solutions 
are usually brought together by electrostatic forces. These conter ions are adsorbed or 
bind onto the micellar surface. They are either bound in the Stem layer of the micelle or 
present in excess in the electrical double layer surrounding the micelle. The higher the 
valence of a counter ion, the more it will adsorb or bind onto the micelle (Ahmadi et al., 
1994). 
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Stern (1924) explained the electric double layer by stating that the surface of a particle 
suspended in an electrolyte solution has ions present and these ions attract ions of 
opposing charge from the liquid whilst repelling ions of the same charge. Thus an 
electrical double layer of ions develops and concentration and potential gradients are 
established around the particle. The ions in the inner part of the double layer, the Stern 
layer are more strongly bound, whilst those in the outer layer are more diffuse. 
Some of the considerations that need to be made before using MEUF include: 
• binding capacity of the surfactant to the pollutant; 
• maximum acceptable UF pore size to reject micelles; 
• surfactant monomer concentration under conditions of interest; and 
• concentration polarization of the surfactant - solute mixture. 
A high quality permeate results when surfactants are used in the crossflow UF process 
since the micelles formed are able to concentrate the contaminants. In order to achieve 
high flow rates and still be able to reject micelles while using large ultrafiltration pore 
sizes, the formed micelles have to be large. Surfactants have different structures and their 
aggregation number and micelle effective diameter also differ. The use of 
polyelectrolytes and Iigands could further be used to enhance the efficiency and 
selectivity of organic and metal ion removal by surfactants (Akay et al., 1999). 
Recently, substantial work has been done on the application of MEUF to remove 
pollutants for wastewater streams (Ahmadi et al., 1994, Keskinler et. al 1997, Hong et 
al., 1998,). Some ofthese works include: 
• removal of heavy metals from wastewater streams; 
• removal of oils from wastewater streams; 
• removal of organic pollutants from wastewater streams. 
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Ahmadi et al., (1994) applied lecithin MEUF for the removal of cadmium, copper, lead, 
zinc and nickel ions from waste water streams. Their investigations showed that that 
lecithin has a good binding behaviour in relation to cadmium, copper, nickel and zinc. In 
their study they carried out experiments on individual metal ions and on mixtures of 
metal ions in solution using continuous diafiltration for all their experiments. Their 
experimental results showed that lead exhibited no detectable binding to the lecithin used 
for both the individual and in mixtures of metal ions in solution. The cadmium in the 
mixtures of metal ions in solution showed a stronger binding ability than individual 
cadmium ions and the same applies to the copper and zinc ions. For the case of nickel the 
individual nickel experiment yielded higher binding characteristics than the nickel in the 
mixture of solutions. A comparison of the individual metal showed that nickel had the 
strongest binding characteristics while cadmium was the least. For the individual metal 
ions they investigated, the lecithin exhibited the following affinity Ni > Cu - Zn > Cd 
while in the presence of all the five metal ions in solution their study showed the 
following affinity: Cu > Cd - Zn > Ni. 
Experimental results by Huang et al. (1994), using lecithin MEUF showed that lecithin 
had good binding behaviour to lead ions which seems to contradict the observations made 
by Ahmadi et al., (1994). Huang et al. (1994) used three different surfactants namely, 
deoxycholic acid (DCA), sodium dodecyl sulphate (SOS) and lecithin to remove 
cadmium, lead, copper, nickel and zinc ions from simulated wastewater as single species 
and as metal mixtures in solutions. They used membranes made from anisotropic 
acrylanitryl with a molecular weight cut off of about 2000 Daltons. They observed that 
DCA exhibited greater metal removal efficiency than lecithin and SOS. 
They discovered that with the exception of lead, the normalized flux decreased with 
increased metal concentration using a lecithin concentration of 8.9 mM. The normalized 
flux is the ratio of the flux of separation trial to that of clean water when the same 
membrane is used. The concentration of lecithin used was higher than its CMC range of 
1.3 to 4.0 mM. They were of the view that the lead-lecithin complex precipitated and 
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formed a gel layer on the surface of the membrane which contributed to the observed flux 
behaviour of lead. The permeate flux was observed to be lower at 16 mM of DCA than at 
8 mM which they attributed to the high viscosity of the feed solution at high surfactant 
concentration. 
In the absence of surfactant, lead rejection of 50.5% was the highest while Ni rejection 
of 17.7% was the least. In the presence of lecithin the lead and nickel rejections were 
98.7 and 69.9% respectively. As shown in Table 2.4, a higher initial feed metal 
concentration caused a lower rejection ratio and a lower permeate flux with lecithin. The 
increase in metal concentration may have caused a reduction in the electrical surface 
potential of the negatively charged micelles thus decreasing the driving force for 
separation. 
Table 2.4: Removal efficiency of the different metal ions studied using different lecithins 
(Huang et al.,1994) . 
Retentate Average flux Lecithin/metal % Final 
Concentration (I h't m'2) ratio rejection 
Metal (mM) Lecithin (mM) Permeate 
Cd (0.06) Centrolex F (8.9) 42.7 142.86 99.9+ 
Pb (0.12) Centrolex F (8.9) 15.9 71.43 98.7 
Cu (0.22) Centrolex F (8.9) 30.5 40.00 95.1 
Ni (0.65) Centrolex F (8.9) 25.7 1.37 69.9 
Zn (4.74) Centrolex F (8.9) 6.7 1.88 47.7 
Zn (4.74) M-C- F (17.8) 14.0 3.76 68.4 
DCA was found to yield better fluxes and rejection ratios compared to lecithin which 
may be due to the fact that DCA has the ability of cleaning the membrane during 
separation which enables it to reduce the effects of gel layer formation and fouling of the 
membrane. The structure of DCA aggregates in aqueous phase are spherical whilst those 
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of lecithin are flexible bilayer or vesicles (Huang et al., 1994). They observed that the 
performanace of DCA was the same whether for individual metal ion in solution or in a 
mixture of solution. Their results showed that by applying an appropriate amount of 
surfactant to metal ratio selective and total removal of metal ions present can be removed. 
The increase in operating pressure from 272 to 544 kPa (40 to 80 psi) did not seem to 
cause any significant metal rejection though it improved the permeate flux to almost 
twice. 
The investigation of lecithin MEUF for the removal of single species of copper and 
cadmium ions has been carried out by Wakeman and Kotzian (2000). Their study showed 
that copper and cadmium ions are bound to lecithin micelles and that the critical micelle 
concentration was decreased by the presence of metal ions in the aqueous solution whilst 
the zeta potential of lecithin was increased by the metal ions. The zeta potential of the 
micelles increased due to the binding of the metal ions to reach the iso-electric point 
asympotically. The binding of metal ions to lecithin facilitated micellation by reducing 
the head group repulsion of lecithin monomers, thus the reduction in the critical micelle 
concentration with increasing metal ion concentration. 
Wakeman and Kotzian (2000) observed that at high surfactant to metal ion ratios the 
steady state flux is not much affected by the increase in metal ions. The highest rejection 
level (about 95%) was obtained at a lecithin concentration of 0.5 g rl which was far 
below the determined lecithin critical micelle concentration (10 g rl). They attributed this 
to a concentration polarization effect. 
They observed a drop in the maximum metal ions rejection level with the increase in 
copper and cadmium ion concentrations which may be due to the change in shape of the 
micelle causing a reduction in binding sites for the metal ions. Generally changes of pH 
cause a change in the shape of micelle. Their study also showed that lecithin 
ultrafiltration could be used to remove copper and cadmium metal ions in a number of 
filtration cycles to acceptable effluent quality discharge levels. 
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The removal of divalent metal ions and their mixtures in solutions using MEUF with SDS 
as the surfactant was studied by Scamehorn et al. (1994). High rejection of at least 96% 
for divalent cadmium, zinc, copper and calcium ions and their mixtures in solution were 
achieved by the investigators. Only small differences in the concentration of metal ion 
were obtained for the single metal species they experimented on. Scamehorn et al., 
(1994) believed the dominant characteristic that determines the separation efficiency of 
MEUF in removal of multivalent inorganic metal ions from water is the cationic charge 
and that the metal species type and complexing characteristics play secondary roles. The 
permeate concentration increased in the order Ca2+ <Cu2+ < Zn2+ < Cd2+. The addition of 
0.05 M NaCI may have caused an increase in ionic strength in the solution which resulted 
in the decrease in the absolute magnitude of electrical potential at the micellar surface 
thereby causing an increase in the metal ion concentration of the four metal ions 
experimented upon. The high rejections that ranged from 85.87 to 97.14 % may be due to 
the formation of higher chlorine complexed metal ion concentrations. 
Hong et al., (1998) carried out studies on ultrafiltration of divalent metal cations (Cu2+, 
Zn2+, Ni2+ and Cd 2+) from aqueous solution using a polycarboxylic acid type 
biosurfatant, spiculisporic acid (DCMA-3Na). They investigated the effect of molecular 
weight cut off of the membrane and the molar ratio of biosurfactant to metal ions on the 
permeate fluxes and rejection of the divalent metal ions. They based their discussions of 
the permeate fluxes on the gel layer model. The CMC of DCMA-3Na of 6 mM and gel 
concentration of 0.5 M is lower than that of SDS and CPC. The gel concentration of SDS 
and CPC are 0.737 M and 0.524 M respectively (Dunn et. a/., 1987). The experimental 
results by Hong et. al., (1998) showed that ultrafiltration with MWCO 1000 membranes 
yielded more rapid decrease in relative flux compared to that of MWCO 3,000 membrane 
which is contrary to what was observed by Scamehorn et. al. (1994). Scamehorn et al., 
(1994) showed that membrane with pore size MWCO 5000 gave a lower relative flux 
compared to membrane with MWCO 1000 in their study of the separation of divalent 
metal ions using SDS surfactant. The absolute flux of MWCO 1000 was lower than that 
of MWCO 5000 and the surfactant concentration in the gel layer of membrane of MWCO 
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5000 was greater than that of MWCO 1000. Hong et. al., (1998) reasoned out that the 
metal-biosurfactant precipitate or micelle size may be closer to the pore size of MWCO 
3000 membrane than that of MWCO 1000 to account for the more rapid decrease in the 
relative flux of MWCO 1000 compared to MWCO 3000. Generally, the relative size 
between the micelle or metal-biosurfactant precipitate and the membrane pore size plays 
a significant role in determining the flux behaviour of surfactant based ultrafiltration. 
When the micelle or metal-biosurfactant precipitate is about the same size as the 
membrane pore then pore blocking is more likely to occur which may lead to a decline in 
flux. 
Their study showed high rejections of metal ions even for DCMA -3Na below its CMC 
(6 mM) which suggests that metal ion can be rejected by the membrane in the form of 
metal-bisurfactant complexes. However, the metal ion rejections were improved as the 
molar ratios between DCMA-3Na and the metal ions approach the equimolar ratio. 
DCMA-3Na exhibited poor binding performance for nickel but showed a good binding 
capacity for cadmium ion. At low ·metal ion concentration in the feed DCMA-3Na 
molecules are usually present as small surfactant monomers or aggregates instead of 
binding with the metal ions. Thus, they are able to easily pass through the pores of the 
membrane. Higher leakage of surfactant which can cause secondary pollution in micellar 
enhanced ultrafiltration is one of the big problems with the use of micellar enhanced 
ultrafiltration. By using DCMA -3Na which is biodegradable and non toxic this problem 
associated with micellar enhanced ultrafiltration could be minimized. For a constant 
metal ion concentration with varying concentration of DCMA-3Na the highest rejection 
of DCMA-3Na was achieved at DCMA-3Na concentration of about 5 mM whilst highest 
rejection of cupric ion was achieved at DCMA-3Na concentration of 10mM. At 
equimolar concentration, that is when the DCMA-3Na concentration of 10 mM is equal 
to that of the cupric ion, the maximum rejection of cupric ion was achieved. Further 
increase in DCMA-3Na concentration above ID mM led to a decrease in rejection of 
cupric which may be due to the interference of the cupric binding by the sodium ions 
which dissociated from DCMA-3Na (Hong et al., 1998). The increase in DCMA-3Na 
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caused an increased in the zinc rejection. The zinc ion rejection does not seem to be 
affected by the excessive amount of sodium ions binding with DCMA-3Na molecules as 
in the case of cupric ion. The rejection of zinc is continuously improved even at high 
concentration of zinc. The cadmium rejection increased with the increase in DCMA-3Na 
until the DCMA-3Na concentration is greater than that of cadmium ion after which the 
cadmium ion rejection is independent of the concentration of DCMA-3Na in the feed. 
However, DCMA-3Na rejection drops as its concentration in the feed was increased 
above the equimolar ratio (10 mM) which indicates that the DCMA-3Na molecules 
which were not bound to cadmium are able to leak through the permeate pores. They 
observed that DCMA-3Na had the lowest affinity for nickel ion compared to the other 
metal ions. Their experimental results showed that the order of affinity of DCMA-3Na 
for the metal ions was Cd 2+ > Zn 2+ '" Cu 2+ > Ni 2+ for both single metal ion species and 
metal ion mixtures of solutions. 
Hong et al., (1998) agreed with Scamehom et. al. (1994) that the valence of the metal ion 
plays tbe most significant role in determining the separation efficiencies but were also of 
the view that the metal species and complexing characteristics could also influence the 
separation efficencies. The functional group influences the complexing reaction between 
the metal and surfactant. 
Dunn et al. (1985) used hexadecyl pyridini urn chloride surfactant MEUF to remove 
dissolved organic, 4-tert-butyl-phenol from aqueous streams. Their study also confirmed 
tbat MEUF is an effective separation technique. They observed that at high surfactant 
concentrations of 0.25 mM in the retentate, the rejections decrease, which may be due to 
the formation of n-mers (for example, dimers, trimers etc) which are able to escape 
tbrough the membrane along with some of the solubilized solute. As the surfactant 
concentration increased, there was a change in size and shape of the micelle. The shape 
may be rod-like or spherical while in other cases it may be cylindrical or lamella. 
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Juang and Shiau (2000) investigated the removal efficiency of the divalent metals copper, 
cobalt, nickel and zinc from dilute solutions using chitosan MEUF. The membranes they 
used were amicon regenerated cellulose YMIO and YM30 with 10,000 and 30,000 
molecular weight cut-offs respectively. They studied the effect of pH, ratio of chitosan to 
metals, applied pressure and inorganic salts on the metal removal efficiencies. Their 
results showed that pH had a major influence on the metal rejection and flux with or 
without chitosan. The removal of copper by the chitosan enhanced ultrafiltration process 
was found to be more efficient than that of the other metals which was probably due to 
the higher coordination ability of copper to chitosan compared to the other metals. 
Copper ions were found to be able to pass through the membrane filter easily at pH less 
than 5, while little rejection was observed in the pH range 5 to 6 which may be due to the 
formation of water-soluble hydroxyl complexes. At pH greater than 6 the copper ion 
rejection was nearly equal to 100% even without any chitosan enhancement indicating 
that the required enhancement becomes necessary at pH less than 6 for copper ion 
solutions. 
Their experimental results revealed that for pH ranging from 3 to 10, the chitosan 
rejection was found to remain constant at about 70%. They attributed the low rejection 
value to the wide molecular weight distribution of the chitosan and the degradation of the 
chitosan under alkali conditions. An increase in pH up to 7 led to a hard protonation of 
the amino group in chitosan which either enters the membrane pores or increases the 
compressible nature of the cake leading to a reduction of fluxes. The fluxes of YMIO 
were higher than that of YM30 due to the fact that chitosan is able to deposit easier on the 
larger pore entrance of YM30 than YMIO. 
Juang and Shiau. (2000) obtained the same effect of pH on metal removal fluxes. They 
observed that the presence of chitosan increased the rejection of Cu (11) ions by about 6 to 
10 times at pH less than 6. The metal ion rejection using chitosan surfactants at pH 
between 6 and 8 was found to be in the order Cu 2+ > Ni 2+ > Zn 2+. At pH greater than 8 
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there was complete rejection of metal without any membrane fouling which may 
probably be due to the formation of large insoluble, highly flexible metal-chitosan 
complexes which are not easily deposited on the surface of the membrane. An increase in 
chitosan to metal ratio causes an increase in rejection but a decrease in flux. The increase 
in rejection may be due to an increase in the amount of metal bound to chitosan at higher 
chitosan concentration. This effect is more significant at pH of 6 compared to pH of 3.l. 
The decrease in flux was significant at pH of 6 compared to pH of 3.1. The decrease in 
flux may be due to the reduction in the size of polymers or due to concentration 
polarization or cake formation near the membrane surface. 
The ionic strength of solutions may affect the effectiveness of binding between solutes 
and polymeric ligands via electrostatic attraction (Juang and Shiau, 2000). An increase in 
metal concentration of the solution causes an increase in ionic strength which leads to the 
compression of the electric double layer resulting in the decrease in the binding tendency 
between solutes and polymeric ligands and hence reduction in rejection. The binding 
between metals and the amino groups. of chitosan is.by coordination. Increasing the salt 
concentration of solutions also leads to an increase in ionic strength which leads to 
compression of the electric double layer resulting in the decrease in binding tendency. 
The investigators observed that the presence of salts such as NaCl, CaCh and Na2S04 
with concentrations greater than 400 times did not change the metal rejection which 
seems to confirm the binding mechanisms of metal to chitosan they proposed. Some 
quantities of NaCl and CaCh caused a decrease in the flux which may probably be due to 
conformational changes in the chitosan metal complex to form stretched worm-like 
structures. Increasing the concentration of Na2S04 up to 500 mM caused an increase in 
flux after which there was a slight decrease. This may be due to the reaction of the metal-
chitosan complexes with S04 2. which reduces the repulsive forces between the chitosan 
chains to enhance the formation of neutral flexible aggregates. This is a reaction which 
occurs with soi- and does not seem to occur with er (Juang and Shiau, 2000). 
44 
Chapter 2 Literature Survey 
Morel et al.,(I991) applied cationic surfactant enhanced ultrafiltration to remove nitrate 
from water. The cationic surfactant used was tetradecyltrimethyl ammonium bromide 
(TT AB) and the membrane was made from cellulose acetate. The mechanism of nitrate 
rejection appeared to be due to electrical repulsion of the nitrate by the association of 
surfactant and membrane than to a new distribution of free nitrate and ni trate bound to 
the quaternary site of the surfactant. Though cellulose acetate bears polar groups there is 
no nitrate repulsion due to the large pore size. The adsorption of the surfactant onto the 
cellulose acetate through the hydrophilic head group NR4 + allows for the significant 
retention of the nitrate concentration in the diffuse layer of the surfactant head. Also, 
there is the reduction of the pore size and the tails of the adsorbed surfactant offer 
hydrophobic forces to the membrane-solution interface. When anionic and non-ionic 
surfactants were used on cellulose acetate membrane, no nitrate rejection was observed 
which confirmed their hypothesis. The efficiency of nitrate removal was observed to 
increase with increase in surfactant concentration and decrease slightly with the 
membrane molecular weight cut off. With surfactant concentrations about 10 times the 
nitrate concentration, a SO mg )"1 limit was achieved. Generally, high nitrate rejection was 
achieved at TTAB concentration above its CMC value of 3.4 mM. Nitrate rejection was 
appreciable even at TT AB concentration well below its CMC suggesting that adsorption 
of surfactant monomers also influence the rejection significantly. Permeate fluxes were 
comparable to that of pure water at surfactant concentrations below the CMC while 
above the CMC, there was a decrease in fluxes which may be due to micelles of TT AB. 
Fillipi et. al., (1999) investigated the use of micellar enhanced ultrafiltation at low 
sodium dodecyl sulphate (SDS), an anionic surfactant and with nonyphenol 
polyethoxylate (NPE), a nonionic surfactant to remove zinc ions and 4-tertbutylphenol 
(TBP) with cellulose nitrate membrane. Without any surfactant small rejection of TBP 
(7%) was observed due to adsorption of the membrane. Their experimental results 
showed that even at SDS concentrations below its CMC (6.5 mM) some rejections were 
obtained for TBP which they explained using the gel layer mechanisms since the 
rejections were higher than that caused by adsorption of the membrane. They believed 
45 
Chapter 2 Literature Survey 
that below the CMC of SDS no gel layer was formed. Above the CMC of SDS a larger 
fraction of surfactant is present in micellar form resulting in higher solubilization and 
therefore higher rejections ofTBP were achieved. 
For the case of zinc removal, without any surfactant the zinc rejection ranged from 10 to 
20%. Cellulose acetate carries a small negative charge and may be responsible for the 
rejection observed. With SDS concentration less than its CMC and without any NPE, the 
rejection of zinc ranged from 46% for SOS of lmM to 52 % for SOS of 3.4 mM. The 
zinc concentration in the feed solution was about 0.1 mM. Since the membrane charge 
effect could only account for l0-20% of the observed rejection, the investigators 
proposed the gel layer effect to account for the increased rejection obtained. 
They reasoned that if the gel layer effect was responsible for the additional zinc rejection 
for SOS concentrations below the CMC, then the reduction of pressure should cause a 
decrease in micelles concentration in the gel layer and a decrease in zinc rejection. This 
was the case for the experiments they conducted to investigate the effect of 
transmembrane pressure on zinc rejection at three identical feed solutions that confirmed 
their proposals. At SOS concentration above its CMC, a large fraction of surfactant is 
present in the micellar form resulting in more binding sites available for the zinc to bind 
which may account for the higher rejections achieved. The addition of NPE mole fraction 
ranging from 0 to 0.35 to SOS retentate concentrations of 5.9 and 10.4 mM separately 
caused an increase in zinc rejection. For very high SOS concentration (54 mM) with zinc 
retentate concentration of 5.97 mM without any NPE, the zinc was as high as 99.0%. The 
addition of small concentration of NPE produced a slight increase in rejection. The 
addition of NPE to the system caused a reduction in the CMC making available more 
SOS in micellar form to bind to zinc. The zinc rejection increases from 99% and peaks at 
99.2% as the NPE mole fraction is added till it reaches 0.2 after which further increases 
in the mole fraction of NPE caused a reduction in zinc rejection. At NPE mole fraction of 
0.64 the zinc rejection was found to be 98.5% which is a relatively small decrease. Thus, 
it can be inferred that the binding ability of anionic surfactant micelle is not substantially 
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affected by the fraction of nonionic surfactant present in the experiments. Fillipi et. al. 
(1999). found out that if the surfactant concentration is not too far above the CMC. the 
addition of low mole fractions of a nonionic surfactant to an anionic surfactant system 
can greatly increase the concentration of micelle formed and thus increase rejection. 
When the anionic surfactant concentration is below the CMC the addition of nonionic 
surfactant can reduce the CMC so that micelles can be present thus improving the 
rejection. However. there is a limit to how much of nonionic surfactant could be added 
since the increase of the non ionic surfactant mole fraction in the micelles causes a 
reduction in the fractional counterion binding leading to a reduction in separation 
efficiency per anionic surfactant molecule in micellar form. Their study has proved that 
the addition of nonionic surfactant to anionic surfactant at low surfactant concentrations 
could substantially improve rejection of organic solutes or multivalent counterions 
through mixed micelle formation. 
The removal of chromate from water using surfactant enhanced crossflow filtration has 
been studied by Keskinler et.. al.. (1997). For their study they used cetyl 
trimethylammonium bromide (CTAB). a cationic surfactant and an anisotropic cellulose 
acetate membrane with a 0.2 ~m pore size rating. They observed that the rejection of both 
CTAB and chromate was improved with the increase in CTAB/chromate ratio whilst the 
steady-state rejection was established faster with the increase of CT AB concentration in 
the feed concentration. As expected. they found the steady state flux to decrease with 
increase in CT AB/chromate concentration ratio since CT AB/chromate concentration ratio 
increased as CTAB concentration increased. At fixed CTAB concentration. an increase in 
chromate concentration caused an increase in both the CTAB and chromate concentration 
in the permeate. The increase in chromate concentration caused the steady state flux to 
increase though the time taken to reach steady state also increased. Their experimental 
results also showed that the permeate flux increased at the same CT AB concentration in 
the presence of chromate with the decrease in both the CTAB and chromate rejection 
which suggests the lowering of the secondary membrane resistance to permeate flow. 
They believed the decrease of the hydrodynamic resistance of the secondary membrane in 
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the presence of chromate is a result of the formation of a Iow viscosity, high-water 
content liquid crystalline phase which could be a hexagonal phase. They were of the view 
that the formation of the secondary membrane to a large extent controls the permeate flux 
and rejection under steady-state conditions. Under the steady state conditions the 
secondary membrane is in a highly viscous state, such as lamella or hexagonal phase. 
Under steady state conditions, there seems to be a decrease in both the rejection of 
chromate and CTAB at high chromate concentration which indicate that in the presence 
of chromate ions, the secondary membrane with metal ions is more porous compared 
with the secondary membrane without. They observed that the addition of NaCl led to the 
breakdown of the viscous surfactant phases to form the micellar phase which effectively 
increased the surfactant concentration necessary to form the secondary membrane. Thus, 
the effect of the NaCl is opposite to that of the chromate ion. Thus, they inferred that the 
electronic structure and the size of the ions could have different effects on the permeate 
and rejection characteristics of the secondary membranes during the filtration of 
surfactant dispersions in the presence of electrolytes. 
2.10 Conclusions 
Some of the fundamental principles of membrane filtration processes have been 
highlighted in this chapter. The different membrane technologies available for the 
removal of heavy metals have been commented upon and the previous works carried out 
on the removal of heavy metals using surfactant enhanced crossflow filtration which is 
related to this study have been reported and discussed. Thus, this chapter has reviewed 
the current literature related to the study which acts as a good background for the present 
study which is reported in the chapters following. 
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CHAPTER 3 
EXPERIMENTAL PROCEDURES AND MATERIALS 
This section describes the equipment, experimental methods and materials used to obtain 
results for the measurement of: 
• Feed solution characteristics; 
• Deadend filtration; and 
• Crossflow filtration 
3.1 Feed solution characteristics 
The critical micelle concentration of lecithin solution was determined with and without 
metal ions present. 
The size and charge of the lecithin, with and without metal ions, have been determined 
using the Malvern Mastersizer and Zetasizer respectively. 
Surface Tension 
The surface tension method was used to determine the critical micelle concentration of 
the lecithin solution with and without any metal ions. The surface-active molecules of 
surfactants in solution are capable of displacing water molecules at the surface. The 
displacement of water molecules and their subsequent replacement by the surface-active 
molecules leads to a reduction in the surface tension. The amount of work done bW in 
moving the surface active molecules from the bulk solution to the surface, to displace and 
occupy a surface area & is given by: 
(3.1) 
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where r, is the surface tension at that particular interface. 
Surface tension measurement can be used to characterize surfactant solutions. When the 
surface active molecules continue to displace the water molecules at the water-air 
interface there is a continuous decrease in the surface tension of the solution until the 
whole monolayer of surface is covered with surfactant molecules. Further increases in the 
concentration of the surfactant cause little or a more gradual change in the surface 
tension. The surface-active molecules start to aggregate to form micelles after the surface 
is saturated (Rosen, 1978). 
A plot of surface tension versus logarithm of surfactant concentration shows a decrease 
followed by a more gradual slope after the surface of the solution is saturated with 
surfactant. The critical micelle concentration of the surfactant is the point at which further 
increase in the concentration of the surfactant causes no substantial change in the surface 
tension (Rosen, 1978) . This is illustrated in Figure 3. 1. 
"8 
~ 
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~ CMC en 
log concentration of surfactant 
Figure 3.1: Schematic plot of surface tension versus logarithm of the surfactant 
concentration 
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The Gibbs' equation, which expresses the equilibrium between the surfactant molecules 
at the surface or interface and those in the bulk solution, can be used to calculate the 
amount of surfactant adsorbed per unit area of the surface, the surface excess. 
where 
dy is the change in surface or interfacial tension of the solvent. 
f; is the surface excess concentration of the ith component 
dfJ; the change in chemical potential of any component of the system 
(3.2) 
The excess concentration r (mol m·2) at any point can be determined from the equation: 
1 dy 
RT dlnCA 
where R is the gas constant ( 8.314 J lanorl). 
(3.3) 
The mean area per surfactant molecule in the monolayer is related to the excess surface 
concentration by the relation; 
(3.4) 
where NA is Avogadro's constant = 10 23 mol-I. 
A stock solution of 20 g rl of lecithin was prepared. Different concentrations of lecithin 
solutions ranging from 0.1 to 20 g rl were made by diluting with appropriate volumes of 
de-ionized water. 1000 mg rl stock solutions of lead, copper and cadmium ions were 
made and various lesser metal ion concentrations were obtained by dilution. The lecithin 
in the form of yellow granules used for the experiments was purchased from Fisher 
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Scientific, UK. The lead chloride (Fisher Scientific), copper (11) chloride (Fisher 
Scientific) and cadmium chloride (Fisher Scientific) were purchased in powder form. 
1000 mg rl stock solutions for lead, copper and cadmium ions were prepared and 
required concentrations were made for the different experiments. 
A digital platinum ring tensiometer (White Electrical Instrument Co. Lld) shown in 
Figure 3.2 was used for the surface tension measurements. In the determination of the 
surface tension using the tensiometer, a small quantity of the lecithin solution was placed 
in the concave dish on the pan support arm and the pan was raised so that the ring was 
completely immersed in the liquid but close to the surface. The surface tension value for 
the sample being measured was the value recorded on the tensiometer at the point at 
which the ring broke away from the liquid, as the concave dish was continuously lowered 
(Digital platinum ring tensiometer user manuals). 
To achieve good results, the platinium ring was cleaned before and between each test 
using a solution of chromic acid. Each sample was measured five times and the average 
of the five values was taken as the surface tension value for that particular sample. The 
cleaning process involved washing of the ring with de-ionized water, followed by dipping 
it in a solution of chromic acid and then washing off the acid with de-ionized water. The 
ring was then dipped into ethanol and dried in a fine bunsen burner flame. After this 
cleaning step the ring was ready for use again. 
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Figure 3.2: A Digi tal Platinium Ring Tensiometer 
Concentration of Lecithin 
The lonics Incorporated model 1505 laboratory carbon analyzer, for total organic carbon 
and total carbon , was used to determine the lecithin coocentration both in the feed and the 
permeate for the filtration experiments. This equipment is able to handle solutions with 
suspended solids less than 200 microns in di ameter. 
In the operation of the carbon analyzer about 20 ~l of the sample is injected into a high 
temperature combustion chamber which is immediately followed by 20 ~l of rinse water 
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to eliminate sample carry over and injection tube build up (lonics user manual flro 1505 
carbon anlyzer user manual). 
The organics in the sample are converted to carbon dioxide by high temperature and a 
catalyst that is contained within the combustion chamber. The carbon dioxide produced is 
measured by a non-dispersive infra-red analyzer. The carbon dioxide is carried to the 
infra-red analyzer by a carrier gas, nitrogen. The amount of carbon dioxide produced is 
proportional to the carbon concentration in the sample. 
Since lecithin is the only carbon containing substance used in the feed solution, the lonics 
carbon analyzer was found suitable for the determination of total carbon present. The 
total carbon consists of total organic carbon and total inorganic carbon. The total carbon 
measurements determined from the carbon analyzer were used to calculate the equivalent 
lecithin concentrations from a calibration curve prepared from known concentrations of 
lecithin and measured total carbon concentrations (see Appendix XV). 
pH 
A WPA pH meter was used for pH measurements for all the feed solutions and permeate. 
Conductivity 
A PhiIips digital conductivity meter was used to measure the conductivity of all the 
different feed solutions and permeate. 
The Varian SpectrAA atomic absorption spectrophotometer (AAS) shown in Figure 3.3 
was used to determine the concentration of the metal ions present in both the feed and 
permeate solutions. The major components of the AAS are a light source, an absorption 
cell, a monochromator, a detector and a display (Varian SpectrAA user manuals for 
atomic absorption spectrophotometer). 
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Figure 3.3 Varian SpectrAA atomic absorption spectrophotometer 
A hollow cathode lamp that acts as a light source emits a light spectra specific to the type 
of clement it is made of. The light source is focused through a sample cell into a 
monochromator. The light source is mechanically chopped to enablc differentiation 
between the light from the source and the emission from the sample cell. The light is 
dispersed by the monochromator and the specific wavelength light iso lated enters a 
photomultiplier tube detector. The amo unt of light attenuation in the sample cell is 
converted into sample concentration (Varian SpectrAA user manuals fo r atomic 
absorption spectrophotometer). 
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Zeta Potential 
The magnitude of the zeta potential gives an indication of the stability of the colloidal 
system. If all the particles have a large negati ve or positi ve zeta potenti al then they will 
tend to repel each other and there will be little tendency fo r the particles to come 
together. Part icles with zeta potential more positive than + 30 mY or more negative than 
- 30 mY are normall y considered stable. The isoelectric point is the point where the zeta 
potenti al is zero and it is the point where the co lloidal system is least stable. 
The charged parti cles suspended in the electrolyte are attracted towards the oppositely 
charged electrode when an electric fie ld is applied across the electrolyte. The velocity at 
which the particles move is dependent on the strength of electric field or voltage gradient, 
the dielectric constant of the medium, the viscosity of the medium and the zeta potential. 
The velocity at which a particle moves in a unit electri c field is known as the 
electrophoretic mobility. 
A micro electrophoresis system consists of electrodes that are placed at either end of a 
cell with a potential voltage applied. The velocity of the parti cles can be measured in unit 
field strength as they move towards the electrode. 
Ultra-microscope techniques involve directly observing individual particles and manually 
following them over a measured distance. This requires considerable effort to measure 
small or poorl y scattered particles. 
Laser Doppler velocimetry (LDY), whi ch is the technique used in Malvern Zetasizer, can 
be used to measure the veloc ity of particles mov ing through a fl ui d due to 
electrophoresis. 
In a Malvern zetasizer (Malvern zetasizer user manuals) , the parti cles are illuminated by 
laser beams as they move th rough the cell . The beams are caused to cross at a particular 
po int in the capillary cell. The images of the moving parti cles in the fluid are relayed by a 
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lens in the receiver optics at the centre of the crossing point. To ensure that the receiver 
acts as a coherent detector a pinhole is positioned in fro nt of the receiver lens. This makes 
it possible for true measurements to be taken even when there are many particles in the 
measuring volu me. 
The photo-multiplier, which operates in a single photon detecti on mode, makes it 
possible to observe small particles with low scattering powers. 
At the point where the beams cross, Young's interference fringes of known spacing are 
formed. Under the influence of the applied electric fi eld, particles moving through the 
fringes scatter light with fluctuating intensity related to the particle velocity. The photons 
detected by the photo-multi plier are fed to the digital correlator. 
The mobility and thus the zeta potential can be calculated from a frequency spectrum 
produced fro m the correlation functi on. Since the wall s of the capillary cell carry a 
surface charge, the application of the electric field needed to observe electrophoresis 
causes the liquid adjacent to the wal ls to undergo electro-osmotic fl ow. At the point 
where the two laser beams cross the electro-osmotic flow is zero so the measured particle 
velocity is the true electrophoretic velocity. Thus the error due to the electro-osmotic 
flow is elimi nated. 
One of the laser beams is modulated with an oscillating mirror which enables the fringe 
pattern to oscillate with a known frequency. Particles moving in the opposite direction to 
the fringes have a frequency greater than that set for the modulator whil st particles 
mov ing in the same direction as the fringes will have a frequency less than that set for the 
modulator. Thi s makes it possible to measure the sign of the zeta potential. Another 
advantage of the modulator is that it gives a good signal even for low or zero mobili ty 
parti cles and thus their determinati on is as accurate as fo r high mobility particles. 
Figure 3.4 shows the Malvern Zetasizer that was used for the zeta potenti al 
measurements. For each sample, the equipment gives three readings and the average of 
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them. The average values of the zeta potential were taken for each of the samples 
measured. 
Figure 3.4 Malvern Zeta Sizer 
Particle Size 
Particles with diameters in the size range of I to 5000 nm, often called colloids, are in 
constant random thermal or Brownian motion and can be measured using photon 
correlation spectroscopy. Photon co rrelation spectroscopy uses the rate of change of these 
light fluctuations to determine the size distribution of the particles scattering li ght . 
The Malvern Mastersizer was used for the determination of the particle size of the fced 
solutions. The correlator in the Malvern Mastersizer is used fo r the generation of the 
auto-correl ation functi on of the li ght scattered by the sample. The correlator chanels 
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measure changes in light fluctuation over one particular time span. Since the correlator is 
digital it measures the photons rather than light intensity. For very short delays the 
changes in light level are small , as the particles have not had ti me to move very far. For 
long delay times, compared to its in itial positions the parti cles posi ti on will be completely 
random. The auto- correlation functi on is a plot of counts per correlator chan nel against 
delay time. This auto-correlati on function plot produces a single exponentially decreasing 
functi on. For small particles the functi on decreases quickly whilst for large particles the 
function decreases more slowly. Analysis of the auto-correlation function obtained over a 
period of time, with a sufficient number of data points, enables the translational diffusion 
coeffi cient of parti cles undergo ing Brownian motion to be calculated. The particle size 
can be obtained fro m a knowledge of the diffusion coeffi cient, together with the 
temperature and viscosity of the suspending liquid. 
Figure 3.5: Malvern Master Sizer 
3.2 Deadcnd filtration 
The set-u p for the dead end fi ltration experi ment is shown in Figure 3.6. It consists of a 
compressor, pressure gauge, filtrati on kit with a nylon membrane havi ng a pore size of 
0. 1 ~m and a mcasuring cylinder. Compressed air at a pressure of2.068 x 105 N 01-2 
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(30 psi), measured using the pressure gauge, acted as the driving force fo r the deadend 
filtrati on process . 100 ml of feed solutions which contained various known concentration 
of lecithin solution with metal ions were filtered. The metal ion concentrati ons in the feed 
and filtrate, coll ected with the measuring cy linder over a peri od of about 3 to 4 hours, 
were analyzed using AAS. 
Compressed ai r 
Compressor 
Figure 3.6: Experimental set up for dead end fil tration 
3.3 Crossflow filtration 
Fil trate 
Pressure Gauge 
Pressure 
Control Valve 
Fi ltration Cell 
containing feed 
solution 
The experi mental setup for the cross flow filtrati on is shown in Figure 3.7 and Figure 3.8. 
It consists of a feed tank, pump, water cooler, 0.2 Ilm tubular ceramic membrane, and 
pressure gauges. A 20 litre feed solution was used for each experimental tri al. The feed 
solution containing lecithin and metal ion(s) was pumped from the feed tank using a 
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positive di splacement pump and crossfl owed through the ceramic membrane while the 
permeate flowed perpendicular to the directi on of the feed flow. The pressure of the feed, 
retentate and permeate were measured using pressure gauges and the transmembrane 
pressure was calcul ated as the average of the feed pressure and retentate pressure minus 
the permeate pressure. The temperature of the feed solutions was kept constant at 30°C 
using a water cooler. The flow rate of the feed solutions and permeate wa measured 
using a measuring cy linder and stop watch. 
Pressure 
Contro l 
Valve 
Feed 
Tank 
Filter 
Pump 
Figure 3.7: Experimental setup fo r cross flow fi ltration 
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Pressure Gauge 
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Co ntro l 
Figure 3.8: A slide fo r the experimental setup for crossflow filtration 
For each experiment, the feed solution was prepared on the day of the experiment. The 
rig and membrane were washed clean with large volumes of de-ionized water and a 
cleansing agent (Oecon 90) before and after each run. Also, the membrane was soaked in 
plenty of de-ionized water and a cleansing agent (200 ppm of aOCI, pH 8 - 10) when 
not in use to prevent microbiological growth. The fi ltration was carried out for about 5 
hours to reach steady state. The effects of lecithin concentration, metal ion concentration, 
crossflow velocity and transmembrane pressure on the permeate f1uxes and rejection 
were investigated. 
3.4 Materials 
Lecithin 
Lecithin is primari ly made from plant seed, although it can be produced from a variety of 
animal or vegetable sources. It is a complex mixture of phosphatides or phospholipids. It 
is water soluble and amphoteric. 
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Commercial lecithin has been widely used in the medical, cosmetic and food industries. 
Lecithin has also been found useful in enhancing ultrafiltration for removal of heavy 
metal s because it is naturally occurring, inexpensive, nontoxic and biodegradable 
surfactant. It has a varying structure with an average molecular weight of 750 Daltons. 
The compositions of the commercially avai lable soy bean lecithin used for MEUF is given 
in Table 3. 1 (Ahmadi et ai, 1994). The structure of lecithin is given in Figure 3.9. The 
mean globule diameter of soy bean in water emulsions obtained for a series of commercial 
soy bean lecithin was determined to be about 5 ~m (Attwood and Florence, 1983). 
When mixed with water, lecithin swells to give slimy emulsions or colloidal solutions. It 
has a melting point of around 60°C and can act as either a base or an acid. They have both 
a hydrophili c and hydrophobic moiety . A bimolecular sheet is the favoured structure for 
most phospholipids as it sati sfies both hydrophilic and hydrophobic preferences. The 
macroscopic dimensions of the bimolecular sheet or lipid bilayer can be about I 
millimetre (Stryer 198 1). The major driving force for the formation of lipid bilayers is 
hydrophobic interactions. There is the release of water molecules as the hydrocarbon tails 
become sequestered in the non-polar interior of the bi layer which results in an increase in 
entropy. The other forces which act to reinforce interactions of the bilayers are the van 
der Waals between the hydrocarbon tai ls, and electrostatic and hydrogen bonding 
between the polar head groups and water molecules. The consequence of these factors 
are: 
• tendency of the lipid bilayers to be extensive; 
• tendency of the bilayers to close on themselves so that there are no exposed ends of 
hydrocarbon chains. This results in the formation of a lipid vesicle. 
• Self sealing of lipid bilayers. 
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Table 3. 1: Typical lecithin c omposition (Ahmadi et aI. , 1994) 
Compound Percent Molecular 
Weight 
Phosphatidylcholin 22 758 
Phosphatidylethanolamine 23 716 
Phosphatidylinositol 
Phosphatidic acid 
Phytoglycolipids 
Phosphatidylserin 
Other phospholipids 
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64 
Formula 
C42HsoNP 
C39H740sNP 
C43H780'3P 
C37H670SP 
Chapter 4 Results and Discussions 
CHAPTER 4 
RESUL TS AND DISCUSSIONS 
This section reports and di scusses the results obtained for the feed characteri sation, 
deadend fi ltration and crossflow fi ltrat ion fo r diffe rent concentrati ons of lecithin and 
metal ion feed solutions. 
4.1 Feed characteristi cs 
The effect of different concentrations of a single species of lead ions, mixtu res of lead 
and copper, and mixtures of lead, copper and cadmium ions on various concentrations of 
lec ithin were determined. 
Critical micelle cOll centration (CMC) 
Surface tension measurements were carried ou t to determine the critical micelle 
concentration of lecithi n. The variation of surface tension with changes in the 
concentration of lecithin is shown in Figure 4.1. The concentration at which there is a 
break in the plot of surface tension versus concentration of lecithin is the critical micelle 
concentration. All the surface tension measurements can be found in Appendix A. 
The CMC of leci thin is 9 g r l. This value is in good agreement with the value (10 g r l) 
obtained by Wake man and Kotzian (2000). Figure 4 .2 shows the effect of metal ion 
concentrations on CMC of lecithin . An increase in metal ion concentration caused a 
decrease in the CMC of leci thin . Thi s may be due to the bindi ng of the metal ions by 
lec ithin whi ch resulted in the reducti on of the repulsive head group fo rces between the 
surfac tant mo lecu les thus causing the leci thi n molecules to aggregate at a lower 
concentration. 
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Sauter Mean Diameter (SMD) 
The sauter mean diameter is the diameter of a sphere of equi valent surface area which is 
calculated as 
Id l 
SMD = 
'i.d' 
where cl" is the diameter of the diameter of the particle . 
4.1 
The SMD of vanous concen trations of lecithin solutions was determined USIng the 
Malvern Mastersizer. The results obtai ned are graphically presented in Figure 4.3. 
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Figure 4.3:SMD fo r different concentrations of lec ithi n solutions 
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For a lecithin concentration ranging from 2 [0 10 g r i, an increase in concentration of 
lecithin caused an increase in the SMD of lecithin from 1.82 to 3.83 flm. The highest 
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SMD was obtained at a concentrati on of 9 gr ' wh ich is the CMC value of lec ithin. The 
SMD seems to be about 10 times hi gher than the range (0.27 to 0.43 ~m) obtained by 
Wakeman and Kotzian (2000) which may be due to the fact that a di ffere nt type of 
lecithin was used. However, it compares qui te well with the mean globu lar di ameter of 
about 5 )lm obtained for a series of commercia l soybean lecithins (Attwood and Florence, 
1983) 
Figure 4.4 shows the effect of metal ions on the SMD for 2 g r' lecithin solution. The 
addition of metal ions to lecithin solution caused an increase in the SMD of lecithin 
which may be due to the binding of the metal ions with the leci thi n molecules which 
caused a reduction in the head group repulsive forces of the lecithin molecules allowing 
the mononers to aggregate. 
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Figure 4.4: Effect of metal ion concentrati on on SMD 
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Zeta Potelltial 
The zeta potential of lecithin in aqueous solution was found to be about -79 mY. Lecithin 
is therefore negatively charged and has an attractio n for positi ve ions, i.e. metal ions. The 
effect of metal ion concentration on the zeta potential of lecithin is shown in Figure 4.5. 
An increase in metal ion concentration caused an increase in the zeta potential of lecithin 
which suggests the binding of the metal ions to the surfactant molecules. 
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Figure 4. 5: Effect of metal ion concentration on zeta potential of lecithin 
pH 
The effect of metal ions on the pH of lecithin solutions is shown in Figure 4.6. [n the 
determination of the effect of metal ion concentrations on lecithin solution , 2 g 1" ' of 
lecithin solution was used with various metal ion concentrations ranging from 10 mg 1" 
to 100 mg 1" . The pH of the lecithin so lution withou t any metal ions is 6.17. Generally 
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metal ion increases the acidity of solutions by reacting with the hydrox ide ion present 
leaving the hydrogen ion thus causing the lowering of the pH of so lutions. The increase 
in metal ion concentration caused a decrease in the pH of the feed solution. For lead ion 
concentrations ranging from 10 mg r1 to 100 mg r1 the lecithin pH was between 6.17 and 
3.32. It was observed that for the mi xture of metal ions, lead and copper, and lead, copper 
and cadmium, the pH of lecithin solution decreased with increasing metal ion 
concentration fro m 0 to 50 mg r1 of each metal. However, for 50 mg r1 and 100 mg r1 
each of metal ion in the mixtures of solutions the pH remained the same. 
• lead ion 
o lead and copper ions 
..,. lead, copper and cadmium ions 
o .. 
o 50 100 150 200 250 300 350 
Metal ion concentration in feed solution (mg r 1) 
Figure 4.6: Effect of metal ions on the pH of lecithin 
Conductivity 
Figures 4.7 , 4.8 and 4.9 show the effec t of lecithin concentration on conducti vity for feed 
solutions with single species and mi xtures of metal ions. The increase in lecithin 
concentration caused an increased in the conductivity. Also, an increase in metal ion 
concentration in the feed so lution caused a greater increase in conductivi ty whi ch might 
be due to the mobility of metal ions being greater than the mobility of organic molecules. 
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4.2 Deadend filtration 
Without any lecithin the lead rejection was 22% which indicates some interaction 
between the nylon membrane and the lead ions. Figure 4.10 shows the effect of lead ion 
concentration on its rejection for different concentrati ons of lecithin . Lead rejections as 
hi gh as 97 % are achievable when leci thin is used to enhance the rejection. To a large 
extent, the increase in lead ion concentration did not seem to influence the lead ion 
rejection for 2 g r' lecithin solution. At lecithin concentration above its CMC (9 g r') that 
is, fo r 109 r' and 20 g r' lecithin concentrations, the increase in lead ion concentration 
caused an increase in rejection. The increase in rejection with increase in lead ion 
concentrations for lecithin concentrati ons above its CMC may be due to the change in 
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shape of the lecithin making it able to bind more to lead ion. It is known that the change 
in pH of lecithin solutions can cause a change in the shape of lecithin (Wakeman and 
Kotzian, 2000). An increase in metal ion concentration causes a decrease in pH of 
lecithin solution as discussed earlier in section (4.1). 
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Figure 4.10: Effect oflead ion concentration on its rejection 
Figures 4.11 shows the effect of metal ion concentration on its rejection for 2 g rl lecithin 
solution with mixtures of lead and copper ions. The increase in metal ion concentration 
caused a decrease in rejection which indicates a decrease in the available binding sites 
with the increase in metal ions. However for lecithin concentration at its CMC (9g rl) the 
increase in metal ion concentration caused an increase in rejection as shown in Figure 
4.12. This observed behaviour suggests an increase in the available binding sites on 
lecithin with increase in metal ions for the higher concentration of lecithin (~bove 9 g rl). 
Lecithin seems to have a preference for lead ion over copper ion. 
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Figure 4.13: Effect of lead, copper and cadmium ions on their rejection for 2g rl of 
lecithin solution 
For mixtures of lead, copper and cadmium ions in 2g rl lecithin solution the increase in 
lead, copper and cadmium ions caused a drop in rejection as shown in Figure 4.13. The 
heavy fouling of the membrane made it impossible to carry out the dead-end experiments 
for mixtures of lead, copper and cadmiums ions for higher concentration range of 
lecithin. 
4.3 Crossflow filtration for lead ions in aqueous solutions 
This section discusses the filtration results obtained for lead ions in solutions with 
particular references to steady state permeate flux and solute rejection. 
Steady State Permeate flux 
The pseudo-gel concentration of lecithin solution without any metal ions which was 
obtained by fitting a straight line through the linear part of a steady state permeate flux 
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versus logarithm of lecithin concentration (Akay and Wakeman 1994) is more than five 
times the CMC value (see Figure 4.14). Thus, the concentration ofthe gel layer is well 
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Figure 4.14: Detennination of pseudo-gel concentration oflecithin solution 
above the CMC of surfactant and may probably be associated with the formation of stable 
viscous phases. Another likely explanation for the pseudo-gel concentration being far 
higher than the CMC may be due to occupation of the membrane pores by the lecithin 
(Akay and Wakeman, 1993). The effect of lecithin concentration on the steady state 
permeate fluxes for feed solutions with lead ions is shown in Figure 4.15. The addition of 
lead ions to the lecithin solution caused an initial decrease in the steady state permeate 
flux. The steady state permeate fluxes were all above 40 I m-2 h- I for lecithin solutions 
with lead ions for lecithin and lead ion concentrations ranging from 0.5 to 10 g rl and 0 
to 50 mg rl respectively. The explanation for the decrease in the steady state permeate 
fluxes with increase in lecithin concentration is given in Chapter 5. 
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Figure 4_15: Effect of lecithin concentration on steady state permeate flux for feed 
solution with lead ions 
Table 4_1 indicates how changes in crossflow velocity and transmembrane pressure affect 
the steady state permeate flux_ For 5 g rl lecithin solution with 50 mg rl of lead ions and 
TMP and temperature of 73 kN m-2 and 30°C respectively_ An increase in crossflow 
velocity caused a significant increase in the steady state permeate flux_ Generally, a 
higher crossflow velocity tends to reduce the effect of concentration polarization and also 
reduces the thickness of the cake layer formed on the membrane surface thereby 
improving the steady state permeate flux. However, an increase in cross flow velocity 
may also cause an increase in pumping cost and thus Iow crossflow velocities are 
favoured due to energy considerations. An increase in TMP resulted in a significant 
decrease in steady state permeate flux, contrary to what would be expected from Darcy's 
law which suggests that an increase in TMP will always cause an increase in the steady 
state permeate flux_ A possible explanation for this behaviour is that after a certain TMP 
(> 50 kN m-2) further increases cause compression of the solute deposits formed on the 
membrane making it more resistant to the permeate flow, thus leading to a reduction in 
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the steady state permeate flux. The critical flux occurs at a lower TMP «50 kN m·2) than 
was achievable using this rig. 
Table 4.1: Effect of transmembrane pressure (TMP) and crossflow velocity on steady 
state permeate flux and rejection on 5 g rl lecithin and 50 mg rl lead ions feed solution 
Crossflow TMP Steady State % Rejection 
Velocity (kNm·2) Permeate flux ofIead ions 
(m S·I) (I m·2 h-1) 
1.4 50 27 97.9 
73 7 97.5 
1.6 73 38 97.8 
2.8 73 55 98.6 
100 30 97.8 
120 14 98.0 
4.3 60 88 97.8 
73 56 98.2 
100 25 98.8 
125 23 98.8 
5.5 80 135 98.4 
150 66 98.4 
Steady State Rejections 
Figure 4.16 shows the effect of lecithin concentration on the lead ion rejection. An 
increase in the lecithin concentration caused an increase in the lead ion rejection which 
may be due to the increase in number of binding sites available for the lead ions. This 
idea is supported by the zeta potential measurements (see section 4.1) of lecithin in 
aqueous solutions which increase with increase in lead ions. High rejections of about 97 
% were achieved even at lecithin concentrations far below the CMC of the lecithin 
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Figure 4.16: Effect of lecithin concentration on rejection of lead ions 
A possible explanation of this may be that the concentration of lecithin may have reached 
the CMC at the membrane surface when the feed concentration is below the CMC, due to 
concentration polarization effects (Wakeman and Kotzian, 2000). Another possible 
explanation may be that adsorption of the lead ions by the lecithin monomers is 
significant. Such a significantly high rejection at a surfactant concentration below the 
CMC has also been observed in the removal of nitrate using MEUF (Morel et ai, 1991). 
Experimental results by Huang et al., 1994, showed that metal ions are removed by 
forming metal complexes at surfactant concentrations below the CMC and by forming 
both metal complexes and metal micelles at surfactant concentrations above the CMC. 
An increase in the lead ion concentration caused a reduction in the rejection as shown in 
Figure 4.17. This may be due to insufficient binding sites available on the lecithin head 
groups for the lead ions to bind to. 
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An increase in lead ion concentration from 10 mg r1 to 100 mg r1 in 2 g r1 lecithin 
solution caused a reduction in pH from 6.76 to 4.31. The drop in pH may have caused a 
change in shape in the lecithin structure and decreased the available binding sites causing 
a decrease in lead ion rejection. It could also be attributed to the decrease in the thickness 
of the electric double layer of lecithin with the increase in lead ion concentration thus 
reducing the driving force for separation. Figure 4.18 shows the effect of lecithin 
concentration on its rejection. The lecithin rejection ranged from 91 to 96 % that suggests 
that the 0.2 /lm pore size ceramic membrane is an effective barrier for the lecithin 
monomers and micelles and thus a suitable pore size. Such a high lecithin rejection could 
be expected from the mean surface volume diameter (sauter) of lecithin results which 
gave sauter values ranging from 1.82 to 3.83 /lm for lecithin concentrations ranging from 
2 to 9 g r1. The addition of the lead ions did not seem to significantly influence the 
lecithin rejection as shown in Figure 4.18. Since lecithin is biodegradable, the small 
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amount of lecithin that will be discharged with the permeate may not cause much danger 
to the environment. 
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Figure 4.18: Effect oflecithin concentration on its rejection 
For 50 mg rl of lead ions in 5 g r1 lecithin solution and TMP and temperature of 73 kN 
m-2 and 30°C respectively, an increase in crossflow velocity caused only a slight 
improvement on lead ion rejection. The increase in TMP also did not cause any 
significant change in rejection. The observed behaviour may be due to the fact that the 
unbound lead ion on the feed side are in equilibrium with that of the permeate at steady 
state and thus, not influenced by both the increases in crossflow velocity and TMP_ 
4.4 Crossflow filtration for mixtures of lead and copper ions in aqueous solutions 
This section discusses the filtration results obtained for mixtures of lead and copper ions 
in solutions with particular references to steady state permeate flux and solute rejection. 
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Steady state permeate flux 
As shown in Figure 4.19, the lecithin concentration and the metal ion concentrations in 
the feed solution ranged from 1 to 10 g rl and 10 to 50 mg rl respectively. 
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Figure 4.19: Effect of lecithin concentration on steady state permeate flux for lecithin 
solution with mixtures of lead and copper ions. 
Most of the steady state permeate fluxes were higher than 60 I m·2 h· l • An increase in the 
lecithin concentration caused a sudden drop before a gradual decrease in the steady state 
permeate flux. The increase in the lecithin concentration may have caused an increase in 
the thickness of the cake layer deposited on the membrane surface and the concentration 
polarization effect, thus a decrease in fluxes. The addition of mixrures of lead and copper 
ions to the feed solutions caused a greater decrease in the steady state permeate flux 
compared to the lecithin solution without any metal ions for lecithin concentration 
ranging from 0 to 4 g rl. A much lower steady state permeate fluxes was observed for 
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lecithin solution with 50 mg r1 each of lead and copper ion mixtures compared to 25 mg 
r1 each of lead and copper ions mixtures in lecithin solutions ranging from 0 to 4 g r1. 
This suggests that for lecithin solutions less than 4 g rI, the higher the metal ions 
concentration in the solution the greater the decrease in the steady state flux. For the 
lecithin concentrations above 4 g ]'1 the effect of metal ions concentration on the steady 
state permeate flux seems to be minimal. This observed behaviour could be attributed to 
the cake layer formed on the membrane surface and the blocking of the membrane pores 
which happens to control the flux behaviour (explained further in Chapter 5). The 
concentration ranges used to investigate the effect of lecithin concentration on the steady 
state permeate flux were all below the pseudo-gel concentration for lecithin (50 g r1) 
which had already been established. 
The effect of crossflow velocity on steady state permeate flux is given in Table 4.2. The 
increase in crossflow velocity caused an increase in the steady state permeate flux which 
may be due to a decrease in the concentration polarization effect and by the thinning of 
the cake layer formed on the membrane surface. Due to economic reasons, there is a limit 
to which the crossflow velocity could be increased since an increase in crossflow velocity 
leads to higher pumping cost and thus increase in energy cost to operate the system. 
As shown in Table 4.3, the increase in TMP caused an increase followed by a decrease in 
the steady state permeate flux suggesting that there is a critical TMP for each crossflow 
velocity which allows for the maximum steady state permeate fluxes. To achieve high 
efficiency in the operation of the membrane filtration system there is the need to use a 
TMP which allows for high steady state permeate fluxes. The decrease in the steady state 
permeate fluxes with the increase in TMP after the maximum is reached may be due to 
the compressing of the cake layer formed on the membrane surface making it difficult for 
the permeate to flow through. 
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Table 4.2: Effect of crossflow velocity on steady state penneate flux and rejection of 5 g 
rl of lecithin with 50 mg rl each of lead and copper ions in solutions with TMP of 73 kN 
m·2 and temperature 30°C' 
Crossflow velocity Steady state permeate % Rejection of metal ions 
(m S·I) fluxes (l m'2h'l) Lead ion Copper ion 
1.7 19 95.1 54.2 
2.8 45 96.1 54.7 
4.6 85 93.8 54.7 
Table 4.3: Effect of TMP on steady state permeate flux and rejection of 5 g rl lecithin 
with 50 mg rl each of lead and copper mixtures in solution with crossflow velocity of 4.6 
m S'I and temperature 30°C. 
TMP Steady state permeate flux % Rejection of metal ions 
(kN m'2) (I m'2 h'l) Lead ion Copper ion 
49 73 94.4 50.1 
73 85 93.8 
-
102 50 95.5 50.1 
Rejection of mixtures of lead and copper ions in solution 
The effect of increase in lecithin concentration on rejection of metal ions for lecithin 
solutions with mixtures of lead and copper ions is shown in Figure 4.20, 4.21 and 4.22 
The experiment at 10 mg rl of lead and copper showed rejection of metal ions improved 
at lecithin concentration between 0---2 g rl. Above 2 g rl there was no change in rejection 
with further increase in lecithin concentration as shown in Fig.4.20. For the case of 25 mg 
rl each of lead and copper mixtures in solution the rejection of lead increased from 0 to 2 
g rl lecithin solution after and remained the same for further increase in lecithin 
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concentration. whilst the copper ion rejection improved with the increase in lecithin 
concentration for the range of lecithin concentration used as shown in Fig. 4.21.The 
increase in lecithin concentration improved the rejection of mixtures of 50 mg rl lead and 
copper ions in solution for the range of lecithin concentration used. The increase in 
rejection may be due to the increase in the availability of sites on the lecithin surface for 
the metal ions to bind to. The binding of the metal ions to the lecithin is supported by the 
zeta potential results and confirmed by the CMC results discussed earlier (see section 
4.1). The rejection of lead ion in a mixture of lead and copper ions in solutions was 
appreciably high even at lecithin concentration below its CMC (9 g rl) and comparable to 
lecithin concentration, above its CMC. 
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Figure 4.20: Effect of lecithin concentration on metal ion rejection for lecithin solution 
with 10 mg rl each of lead and copper ions. 
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Figure 4.21: Effect of lecithin concentration on metal ion rejection for lecithin solution 
with 25 mg r1 each of lead and copper ions 
The lead ion rejection as a single metal in solution was not significantly different from 
that in mixtures of solutions (see section 4.3). This observation has also been made and 
commented on in the literature (FiIIipi et. aI., 1999). The increase in lecithin 
concentration yielded an improvement in the copper ion rejection in the mixtures of lead 
and copper ions in solutions. The copper ion rejection in the mixtures of lead and copper 
ions in solutions was always lower than that of the lead ion which suggests that lecithin 
has a stronger affinity for lead ion compared to copper ion in mixtures of lead and copper 
ions in solutions. 
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Figure 4.22: Effect of lecithin concentration on metal ion rejection for lecithin solution 
with 50 mg ri each of lead and copper ions 
The increase in concentration of metal ions in the feed solutions caused a decrease in the 
pH of the solution. Typically, increasing the concentration of the mixtures of lead and 
copper ions in the feed solution (10 g rilecithin solution) from 10 mg r1 each to 50 mgri 
each caused a drop in pH from 5.83 to 4.81. It has been reported that the changes in pH 
can cause a change in the shape of surfactant (Wakeman and Kotzian, 2000). This change 
in shape may have caused a decrease in the sites available for the binding of metal ions 
thus the decrease in rejection. Also, the increase in metal ions may have caused a 
decrease in the thickness of the electric double layer thus reducing the driving force for 
separation hence the decrease in rejection. 
The effect of crossflow velocity on the rejection of lead and copper ion in mixtures in 
solutions is given in Table 4.2. The increase in crossflow velocity did not yield any 
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marked improvement on the rejection of the metal ions. Thus there is no added advantage 
in operating the system at higher crossflow velocity as with regards to metal ion 
rejection. Although an increased steady state permeate flux is observed with increasing 
crossflow velocity. 
The effect of TMP on the rejection of lead and copper ions in mixtures of solutions is 
shown in Table 4.3. Increasing the TMP did not give any significant improvement in the 
lead and copper rejection. Expectedly, since at steady state the copper and lead ion 
mixtures in the feed solutions are at equilibrium with that in the permeate the changes in 
crossflow velocity and TMP did not have any significant effect on their rejection. 
However, the steady state flux decreases at 102 kN m-2 which may be due to the 
compression of the cake layer. 
4.5 Crossflow fIltration for mixtures of lead, copper and cadmium ions in aqueous 
solutions 
This section discusses the filtration results obtained for mixtures of lead, copper and 
cadmium ions in aqueous solutions with particular references to steady state permeate 
flux and solute rejection. 
Steady state permeate flux 
Figure 4.23 shows the effect of lecithin concentration on the steady state permeate fluxes 
of mixtures of lead, copper and cadmium ions in solutions. The increase in lecithin 
concentration generally caused a decrease in the steady state permeate flux which may be 
due to the increase in the thickness of the cake layer on the membrane surface and the 
concentration polarization effect. The addition of metal ions to the lecithin feed solutions 
caused a further drop in the steady state permeate flux for lecithin concentration ranging 
from 2 to 109 rl. The increase in metal concentration may have caused the lowering of 
the CMC of the lecithin thus causing the lecithin to aggregate at lower concentration 
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producing thicker cake layer on the membrane surface to resist the permeate flow hence 
lower steady state permeate flux. 
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Figure 4.23: Effect of lecithin concentration on steady state permeate flux for lecithin 
solution with mixtures of lead and copper ions. 
Table 4.4 shows the effect of crossflow velocity on steady state permeate fluxes for 
lecithin solution with mixtures of lead, copper and cadmium ions in solutions. The 
increase in crossflow velocity caused an increase in the steady state permeate fluxes 
which may be due to the thinning of the solute deposit layer formed thus decreasing the 
resistance to permeate flow. Table 4.5 indicates the effect of transmembrane pressure on 
the steady state permeate fluxes of lecithin solution with mixtures of lead, copper and 
cadmium ions. The increase in transmembrane pressure rather caused a decrease in the 
steady state permeate flux indicating the compression of the cake layer formed which 
resisted the permeate flow thus the decrease in the steady state permeate flux. 
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Table 4.4: Effect of crossflow velocity on the steady state penneate flux and rejection of 
5 g rl of lecithin and 50 mg rl each of lead, copper and cadmium ions in solutions at 73 
kN m-2 and 30°C. 
Crossflow Steady state % Rejection of metal ions 
velocity permeate flux Ph Cu Cd 
(m S·I) (I m·2 h·l ) 
1.7 27 95.6 44.3 69.3 
2.8 54 95.9 44.6 53.4 
4.6 73 96.4 44.6 54.7 
Table 4.5: Effect of TMP on the steady state penneate flux and rejection on 5 g rl 
lecithin and 50 mg rl each of lead, copper and cadmium ions in solution at 4.6 m S·1 and 
30°C, 
TMP Steady state % Rejection of metal ions 
(kN m·2) permeate flux Pb Cu Cd 
(I m·2 h·l ) 
73 73 96.4 44.6 54.7 
100 56 97.5 47.0 57.1 
Steady state rejections 
The effect of lecithin concentration on steady state rejection of mixtures of lead, copper 
and cadmium ions in solutions are shown in Figures 4.24, 4.25 and 4.26. For 10 mg r 1 
each of lead, copper and cadmium ions, the increase in lecithin concentration had little 
effect on their rejection. However, for both 20 mg r1 and 50 mg r 1 each of lead, copper 
and cadmium ions mixtures the increase in lecithin concentration improved the rejections 
of lead, copper and cadmium ions for the mixtures of case . The increase in the 
concentration of lecithin may have caused an increase in the available sites for the 
binding of the metal ions thus the increase in the amount of the metal ions that bind onto 
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the lecithin. The binding of the metal ions is confirmed by the zeta potential 
measurements (see section 4.1) which showed an increase in the zeta potential of lecithin 
with an increase in metal ion concentration. This study showed that lecithin has the 
strongest affinity for lead ions followed by cadmium and lastly copper ions. Experimental 
results by Huang et. al., (1994) also showed that lecithin had preference for metal ions in 
the order Pb2+>Cd 2+ >Zn 2+>Ni 2+>CU 2+ for metal ions in mixtures of solutions which 
agrees with the order of preference (Pb2+>Cd 2+ >Cu 2+ ) obtained in this present study. 
Wakeman and Kotzian (2000), reported that lecithin has a preference for cadmium over 
copper for single metal ions in solution. Scamehom et. al. (1994) was of the view that the 
valence of the metal ion plays the most significant role in determining the separation 
efficiencies but also reasoned out that the metal species and complexing characteristics 
could also influence the separation efficiencies, In their study they used the SDS and the 
metal chloride salts to ensure the same co-ion (chloride) in their system. Experimental 
results by Hong et. al., (1998) revealed that the separation efficiencies are dependent on 
both the metal species type and the functional groups of the surfactant which influence 
the complexing reaction between the metal and surfactant. For this study the lecithin 
preference for the metal ions (lead, cadmium and copper ions) may have been influenced· 
by both the valency of the metal ions and the. functional group of the lecithin. The lead 
ion rejection reaches a maximum· at lecithin concentration of 2 g rl and does not seem to 
vary significantly with increase in lecithin concentration. The presence of copper and 
cadmium did not seem to influence the lead ion rejection even at higher concentration. 
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Figure 4.24 Effect of lecithin concentration on metal ion rejection for lecithin solution 
with 10 mg r 1 each of lead, copper and cadmium ions. 
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Figure 4.25 Effect of lecithin concentration on metal ion rejection for lecithin solution 
with 20 mg r1 each of lead, copper and cadmium ions. 
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Figure 4.26 Effect of lecithin concentration on metal ion rejection for lecithin solution 
with 50 mg r1 each of lead, copper and cadmium ions. 
As shown in Tables 4.4 and 4.5, the increase in both the crossflow velocity and 1MP did 
not yield any significant increase in the steady state rejection of lead, copper and 
cadmium as expected since at equilibrium the metal ions in the feed solutions are at 
equilibrium with that of the permeate. 
4.6 Conclusions 
Lecithin is negatively charged in aqueous solutions with a zeta potential of -79 mV The 
CMC of lecithin is 9 g r1 whilst its pseudo-gel concentration is 50 g r1. The experimental 
results of the CMC and zeta potential measurements revealed that lecithin binds onto the 
metal ions. The increase in the metal ion concentration caused the increase in the zeta 
potential measurements and a decrease in the CMC of lecithin in aqueous solutions. 
Lecithin's preference for the metal ions is in the order Pb 2+>Cd 2+>Cu 2+. 
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CHAPTERS 
MODELLING OF PERMEATE FLUX 
The modelling of the permeate flux was carried out in two parts namely, the initial 
transient permeate flux decay and the steady state permeate flux. For the initial transient 
permeate flux decay the dead-end filtration theory (Davis, 1992) was used whilst for the 
steady state permeate flux the Happel cell model (Happel, 1958) and Darcy's law applied 
over the filter area to relate filtration rate to average pressure difference between the feed 
side and permeates of the filter was used. A similar work has been carried out by 
Mikulasek et. al., (1998). The fitting parameters were the maximum volume fraction of 
lecithin (t/J""",), cake layer resistance (0) and X, which is a measure of the increase of the 
membrane resistance caused by blocking of the pores in the membrane. 
5.1 Modelling of permeate flux 
A mathematical model could be used to obtain a better qualitative and quantitative 
understanding of the factors influencing lecithin enhanced microfiltration. In lecithin 
enhanced crossflow filtration experiments with variations in the feed concentrations of 
lecithin and metal ions, crossflow velocity and transmembrane pressure, there is 
generally a decline in the transient flux due to the concentration polarization effect 
caused by solute accumulating close to the surface of the membrane and due to its 
rejection by the membrane and internal blocking of the membrane pores. The 
experimental results for the permeate flux showed a significant flux decay mainly in the 
initial periods of the process and the flux decay showed a great dependence on the 
operating conditions, for example, the concentration of the lecithin solution. The blocking 
of the membrane was observed after the experimental run. After each experimental run 
copious amounts of de-ionized water was used to wash the membrane clean. To ensure 
that the membrane was properly cleaned the flux of pure water was determined 
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periodically. The observed transient flux reached a steady state due to shear forces 
restricting the thickening of the cake layer on the membrane surface. 
An approximate mathematical procedure is developed below to predict the total 
behaviour of the permeate flux from the beginning of the experiment to the time the flux 
reaches steady state by using a dead-end filtration theory (Davis, 1992). The steady state 
flux value could be obtained from the steady state model based on cake theory that 
applies Darcy's law to relate filtration rate to the average pressure difference between the 
feed and permeate sides of the membrane. 
The build-up of solute deposits on the membrane surface is restricted by crossflow 
filtration. At steady state, solute deposit formation is assumed to be independent of time 
but its thickness increases with axial distance from the filter entrance. The resistance 
produced by the solute deposition on the membrane surface, blocking of the membrane 
pore resistance and the intrinsic membrane resistance can be considered to act in series, 
and the permeate flux can be described by Darcy's law. Thus, 
Where 
I" is the permeate flux, m3 m"2 S"1 
Jl.o is the viscosity of water, kg m"1 S"I 
Rh/ is the resistance due to the blocking of the membrane pores, m"1 
Rm is the membrane resistance, m"1 
r] is the resistance of the cake layer, rn"2, and 
Jis the thickness of the cake layer, m 
10 is the steady state permeate flux for pure water, m3 m"2 S"I 
Where Rh/ is defined as 
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where X is a measure of the increase of the membrane resistance caused by blocking of 
the pores in the membrane. The pure water flux is related to the membrane resistance 
through Darcy's law: 
(5.3) 
'5.2 Estimation of cake layer resistance 
There are a number of models available for prediction of the cake layer resistance, for 
example, the theory put forward by Carman (1938) and Kozeny ( 1927), Carman-Kozeny 
equation is suitable for substances with porosity ranging from 0.4 to 0.7 whilst the 
Happel cell model is applicable for substances with a greater porosity range (Wakeman 
and Tarleton, 1999). Since the lecithin might have a porosity greater than 0.7 the Happel 
cell model was used to predict the cake layer resistance. The Happel cell model is given 
by: 
99 (3+29 167 ) 
r = mu. max 
a/ (6-99""" 0.33 +99mv.167 -69max 2) (5.4) 
where 
r is the cake layer resistance, m·2 
a, is the radius of the lecithin particle, m 
9max is the volume fraction of the maximally packed solutes deposited on the membrane 
surface. 
An explicit solution for the transient permeate flux, l(t) can be obtained from a mass 
balance at the surface of a growing solute deposit layer in a deadend filtration operation 
(Davies, 1992) 
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(J + dO)1/J =I/J do 
dt mu dt 
where 15 is the thickness of the cake 
Rearranging this expression gives 
do do dJ J"'=('" -I/J)-=(I/J -I/J)--
'f' 'f'mu d t max dId t 
but from equation (5.1), using equation (5.2); 
thus, 
I 
10 Rm 1 Rm X Rm 
therefore 0=--------
I r r r 
By differentiating the cake thickness with respect to the permeate flux we obtain 
Substituting equation (5.7) into equation (5.6) yields 
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Integrating equation (5.8) 
(5.9) 
The boundary Conditions for this expression are 
At t = 0 1= 10 and at t = t I = I 
. 10 Rm (1 1 J therefore "'t=-(tP -tP)-- --+--
'I' max r 212 21 2 
o 
( 
tjJ ) 2t I r therefore 0 
tPm", -tP Rm 
12 (tP) 2t I r therefore --T = 1 + 0 
I tPm", -tP Rm 
I 10 (5.10) I 
2 
1+ 2t 
Rm (tPm" -tjJ) 
10 rtP 
Let 
(5.11) 
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then 
t 
1= 10 1(1+2tl'O,,)2 
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(5.12) 
A plot of the graphs of [(1011)2 - 1] versus time for lecithin with metal ions in the feed 
solutions was carried out with the flux decline data. These graphs gave straight lines for 
short periods (the first hour of experimental run) which confinned that the transient flux 
decline occurs due to fonnation of a cake layer of the rejected solutes which is similar to 
what pertains in deadend filtration (Mikulasek et.al., 1998). The data deviated from the 
straight lines for longer periods ( after one hour of experimental run) which is due to the 
shearing action which prevented growth of the cake, making the flux for crossflow 
microfiltration greater than for deadend filtration after the same time interval. Hence, at 
longer periods the value of [(lJJ)' - 1] is more for the deadend mode than for the 
crossflow mode at longer time intervals. An equation of best fit was obtained from a 
linear regression analysis. Figure 5.1 shows typical graph of [1011)2 -1 ] versus time. 
7r--------------------------------------, 
6 
5 
• 
2 
o 
• 
5000 
• 
10000 
Time (5) 
Figure 5.1: A plot of [JJl)2 -1] versus time 
• 
15000 20000 
The slopes of the straight lines were equal to 2I'tcr (from equation 5.12). The experimental 
cake resistance was calculated from the slopes of the straight lines. It has been suggested 
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in the literature that <Pmax of 0.65 can be used (Wakeman and Akay, 1995). A value of <Pmax 
ranging from 0.5 to 0.65 was determined such that the difference between the calculated 
experimental cake resistance obtained from the Happel cell model (1958) and the 
experimental cake resistance was minimum. The <Pm"" values for the different feed 
solutions with metal ions are shown in Tables 5.1 and 5.2. Typical results obtained from 
the cake resistances are also indicated in Table 5.1 and 5.2. 
Table 5.1: Calculated cake resistance and experimental cake resistance for feed solutions 
containing mixtures of lead and copper ions 
Feed solution containing 10 mg r 1 each of lead and cOPller ions 
Lecithin concentration Experimental cake Calculated cake $m .. 
(g r1) resistance (m'z) resistance (m'z) 
0.5 4.26E14 8.14 EI4 0.65 
I 6.38 EI5 7.06 EI4 0.65 
2 1.06 EI5 5.45 EI4 0.65 
4 5.3 EI4 3.57 EI4 0.65 
6 3.52 E14 2.49 E14 0.65 
8 1.32 E14 1.83 E14 0.65 
10 1.05 E14 1.41 E14 0.65 
Feed solution containing 25 mg r' each of lead and copper ions 
Lecithin concentration Experimental cake Calculated $m .. 
(g r1) resistance (m'z) cake resistance 
(m'z) 
2 1.96 EI4 2.81 E14 0.6 
4 2.44 EI4 1.84 E14 0.6 
8 6.07 E13 9.45 E13 0.6 
10 4.84E13 7.32 E13 0.6 
Feed solution containing 50 mg r' each of lead and copper ions 
Lecithin concentration Experimental cake Calculated $m .. 
(g r1) resistance (m'z) cake resistance 
(m'z) 
4 4.89 E+14 1.84 E14 0.6 
6 3.25 E+14 1.28 E14 0.6 
8 6.07 E+l3 9.45 E13 0.6 
10 9.68 E+l3 7.32 El3 0.6 
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Table 5.2: Calculated cake resistance and experimental cake resistance for feed solutions 
containing mixtures of lead, copper and cadmium ions 
Feed solution containing 10 mg r' each of lead, copper and cadmium ions 
Lecithin concentration Experimental cake Calculated cake <l>ma. 
(2 rl) resistance (m'z) resistance (m'z) 
2 1.63 E+14 9.32E+13 0.5 
4 6.10 E+13 6.11 E+13 0.5 
6 4.05 E+13 4.25 E+13 0.5 
8 3.03 E+13 3.13 E+13 0.5 
Feed solution containing 20 mg r' each of lead, copper and cadmium ions 
Lecithin concentration Experimental cake Calculated <!>ma. (g rl) resistance (m-z) cake resistance 
(m-z) 
2 4.08 E+14 1.58 E+14 0.5 
4 8.13 E+13 3.36 E+14 0.5 
6 6.75 E+13 2.54E+13 0.5 
8 6.06E+13 2.59E+13 0.5 
10 4.02E+13 1.63 E+13 0.5 
Feed solution containing 50 mg r' each of lead, copper and cadmium ions 
Lecithin concentration Experimental cake Calculated <!>mu (g rl) resistance (m-z) cake resistance 
(m-z) 
2 1.59 E+15 5.45 E+14 0.65 
4 2.65 E+14 3.57 EI4 0.65 
6 1.23 E+14 2.49 E+14 0.65 
8 2.63 E+14 1.83 E+14 0.65 
10 3.15 E+14 1.42 E+14 0.65 
The deadend model has also been used in the prediction of permeate flux for crossflow 
microfiltration of aqueous titanium dioxide dispersions by Mikulasek et. aI., (1998). For 
their study they used the Blake-Kozeny equation to predict the cake layer resistance since 
the porosity of titanium dioxide is within the range of 0.4 to 0.7. The assumed value of 
<l>max was 0.65. 
5_3 Estimation of cake layer thickness 
A model which combines the Kozeny Carman equation for cake resistance and Darcy's 
law applied over the filter area to calculate the steady state cake thickness or permeate 
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flux, developed by Datta and Gaddis (1997), was modified by using the Happel cell 
model instead of the Kozeny Cannan equation for reasons explained above (see section 
5.2). This model was then used to predict the cake layer thickness and the blocking 
resistance. 
Datta and Gaddis Equation (1997) 
The theory and the derivation of the Datta and Gaddis (1997) equation is given below: 
For a membrane located at y = 0 adjacent to a fluid in the region y > 0 that extracts 
permeate from x = 0 to X = L, define a volume of unit depth from x to x + Llx and y from 
y = 0 to y = h where h > 8, where 8 is the local instantaneous cake thickness. The 
permeate exits with velocity l in the negative y- direction and fluid enters the top of the 
volume at velocity VT. Figures 5.2 (a and b) represent sections for the crossflow filtration. 
y 
y=h 
. 
cake 
/ / / /////1 membrane 
X=o x X=X+6.x X=L 
Figure 5.2a: A cross section of the crossflow filtration 
Co, vT 
~ 
C(x,y) 
~ ~ C(X+Llx,y) u(x.y) u(x+6.x,y) 
~ 
J 
Figure 5.2b: An elemental cross sections of the crossflow filtration 
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Conservation of solute, after division by the density of the particle, for the designated 
volume is given by 
h h 
fC(x, y)u (x,y)dy- fC(x+fu:,y)u (x+fu:, y)dy 
o 0 
(5.13) 
a similar equation for the solvent phase is given by 
h h 
f[I-C(x,y) lu (x,y)dy- f[1-C(x+fu:, y) 1 u (x+~, y)dy 
o 0 
(5.14) 
Multiplying equations (5.13) and (5.14) by 1 - Co and Co respectively and combining 
them to eliminate VT results in 
h h 
f[ C(x,y)-Co lu (x,y)d y- f[ C(x+fu:,y)-Co lu (x+ilx)dy 
o 0 
(5.15) 
When y > 4 C(x,y) = Co the integrals in equation 5.15 disappear. The integrals in 
equation (5.15) represent the excess solute flow at a position over and above the flow at 
the bulk concentration. The term on the right hand side of equation (5.15) represents the 
solute that will accumulate in the cake whilst the term JLlx Co represents the solute added 
to the cake. 
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Suppose the cake layers exist in a region of constant shear stress and that the viscosity of 
the cake depends on only the local concentration of the cake, then the velocity, u (x, y) of 
crossflow in the x-direction will be given as 
u(x,y) J(x,y) 
J.lo 
where 
y 
J(x,y)=Jr(x) J.lo dy 
o J.l(c,r) 
(5.16) 
(5.17) 
The expansion of the integral at x + Llx of equation (5.15) in terms of x and 
differentiating using the Leibnitz procedure yields, 
At steady state [C(x,O) -Col 00 approaches zero and equation (5.18) reduces to: at 
~j[C(X,Y)-ColJ(X,y) dy=JC
o dx 0 J.lo 
Assuming a constant r(x) , J.lo , and J.l ( c, r) 
J (x, y)= r(x) f.lo y 
J.l (c, r) 
and equation (5.19) becomes 
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~ J[C(x,y)-Col r(x).£lo ydy=J C 
dx 0 .£lo .£l(e, r) 0 
Letting C(x,y) = ~ and Co = 1/>, 
o 
therefore r(x) (I/J"" -I/J)~ fydy 
.£l(e, r) dx 0 
Integrating both sides of equation (5.21) yields: 
r(x) (I/Jmax -I/J) 52 = J I/JL 
.£l(e,r) 2 
But at steady state the permeate flux is given by 
J" 
.£lo ((1 + X)Rm +rO) 
tlP 
Thus 
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(5.21) 
(5.1) 
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where 
1" shear stress, (Pa) 
tPmax maximum volume fraction of solute deposited on the surface of the membrane 
o thickness of the solute deposit layer, m 
Jtc apparent viscosity of the solute layer, kg m-l{l 
t(J volume fraction of the lecithin in the feed solution 
L length of the membrane, m 
The apparent viscosity of the solute/cake layer with t(J:5 0_15 for the feed solutions was 
obtained using Batchelor's equation (Datta and Gaddis, 1997) which is given as 
(5.23) 
The shear stress is related to the shear rate (y), and the apparent viscosity by the equation 
1"= !-le r (5.24) 
and the shear rate is related the crossflow velocity (v) and the hydraulic diameter (dh) by 
the equation 
8v 
r=-d h 
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5.4 Determination of steady state permeate flux 
The procedures followed for the detennination of X and the cake layer thickness 0 are: 
• Assume that the cake thickness 0, is so small that it can be neglected (ie 0= 0). 
• Solve for X which satisfies the condition (J" (calc) -J" (expt)) < 0.01. 
• Use the value of X obtained above to solve for 0 such that the left hand side and the 
right hand side of equation (5.22) is less than 0.01 (i.e. (LHS - RHS) < 0.01) 
• Substitute the new value of 1) into equation (5.1) and recalculate the value of X to 
satisfy the condition (J" (calc) - Jss (expt)) < 0.01. Then use the new X value to 
recalculate 1) such that (LHS - RHS) < 0.01 for equation (5.22). Thus, the values of X 
and 1) are recalculated till the conditions (J" (calc) - Jss (expt)) < 0.01 and (LHS -
RHS) < 0.01 for equation (5.22) are both satisfied. 
• Plot graphs to show the relationship between X and the lecithin concentration 
• Plot graphs to show the relationship between the cake layer thickness and the lecithin 
concentration. 
Figures 5.3 to 5.8 show the relationships between the cake layer thickness and X with the 
lecithin concentration containing different metal ion concentration. An increase in the 
lecithin concentration caused an increase in the value of X indicating an increase in the 
blocking of the membrane pores. 
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Figure 5.4: Effect of lecithin concentration on X for lead ion in feed solutions 
108 
Chapter 5 Modelling of cross flow permeatefluxes 
19-5 
.. 
.. 
0 
• .. 
8e-6 g 
0 • '" 
'" .. 
• 
0 
• 
'" c: 
'" 
6e-6 
.2 
£; 
-
'" 
,., 
.!!! 0 
• • 10 mg r' each of lead and copper ions in feed solutions 
• 0 25 mg r' each of lead and copper ions In feed solutions 
~ 4e-6 
'" 0 
• 
.. 50 mg r
' 
each of lead and copper ion In feed solutions 
2e-6 
o 2 4 6 8 10 12 
Lecithin concentration (9 1") 
Figure 5.5: Effect of lecithin concentration on cake layer thickness for mixtures of lead 
and copper ions in feed solutions. 
ao,------------------------------------, 
• 10 rrg r' each of lead and COf'.1'01'in feed solutions 
2.5 0 25 rrg r' each of lead and COf'.1'01' in feed solutions 
T 50 rTlJ r' each fA lead and (X)!:pef ions in feed solutions 
2.0 
• 
X 1.5 • 9 
• • • 0 
0 0 
1.0 
0 
., 
., 
.. 
0.5 
• 
• 
0.0 
0 2 4 6 8 10 12 
Ledthin concentration ( 9 1") 
Figure 5.6: Effects of lecithin concentration on X for mixtures of lead and copper ions in 
feed solutions 
109 
Chapter 5 Modelling of cross flow permeate fluxes 
1e-5 
ge-6 0 
§: 
U> 8e-6 
U> 
~ 
0 
'" c: 
.. 
'" . 9 
:; 7e-6 • 0 
~ 
~ 
.. 
.. 
'" 
6e-6 
'" <0 U • 10 mg 1"' each of lead, copper and cadmium ions 
5e-6 
.. 0 20 mg 1" each of lead, copper and cadmium ions 
• .. 50 mg r' each of lead, copper and cadmium ions 
·0 
2 4 6 8 10' 12 
Lec~hinconcerilration (9 1"1) 
Figure 5.7: Effect of lecithin concentration on cake' layer thickness for mixtures of lead, 
copper and cadmium ions in feed solutions 
3.0' 
2.5 
2.0' 
X 1.5 
1.0' 
0'.5 
0'.0' 
0' 
• 10 rng r' each of lead, cower and cadmium ions in feed solutions 
o 20 mg r' each of lead, ~r and cadmium ions in feed solutions 
.. 50 mg r' each d lead, _ and cadmiLm loos in feed solutions 
.. 
.. 
.. 
o 
o 
• 
2 4 6 8 
Lecithin concentration ( 9 r') 
.. 
o 
10' 12 
Figure 5.8: Effect of lecithin concentration on X for mixtures of lead, copper and 
cadmium ions in feed solutions 
110 
Chapter 5 Modelling of cross flow permeate fluxes 
Table 5.3 Lecithin particle size and cake layer thickness 
Lecithin Surface mean Cake layer ThicknessIDiameter 
concentration particle diameter thickness 
(g r1) (~) (J.lm) 
2.0 2.04 4.55 2.23 
4.0 2.52 7.03 2.79 
6.0 3.01 8.19 2.72 
8.0 3.52 8.55 2.43 
10.0 4.00 9.01 2.25 
The pore blocking resistance which ranged from 9.14 E+ll to 3.35 E+12 was found to be 
comparable to the membrane resistance (1.64 E+12), that is about the same order of 
magnitude (lE+12) but far greater than the cake layer resistance which ranged from 1.47 
E+8 to 2.36 E+9 as shown in Table 5.4. Thus, the steady state permeate flux is strongly 
influenced by both the membrane resistance and pore blocking resistance and less by the 
cake layer resistance. 
The model was fitted by varying the particle diameter and estimating the cake thickness. 
The steady state permeate flux for the different feed solutions with metal ions could be 
predicted by determining the corresponding cake layer thickness and X values from the 
appropriate graph and then substituting these values into equation 5.1. A graph showing 
the calculated versus the experimental steady state fluxes is given in Figure 5.9, showing 
the anticipated agreement between the values. 
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Table 5.4: The experimental cake resistance and calculated cake resistance for mixtures 
of lead, copper and cadmium ions in feed solutions 
Feed solution containing 10 mg r" each of lead, copper and cadmium ions 
Lecithin Cake layer Cake layer Cake layer Membrane Pore 
concentration thickness resistance resistance resistance blocking 
(g rl) (Ilm) per (mol) (mol) resistance 
thickness (mol) 
(m02) 
2 5015 9.32E+13 8.39E+8 I.64E+12 9.14E+1l 
4 7.23 6. 11 E+ 13 4.41E+8 1.64E+12 9.54 E+11 
6 8.15 4.25E+13 3.30E+8 1.64E+12 1.44 E+12 
8 8.40 3.l3E+13 2.54E+8 1.64E+12 2.24E+12 
Feed solution containing 20 mg I -1 each of lead, copper and cadmium ions 
2 4.55 1.58E+14 7.19E+8 1.64E+12 1.62E+12 
4 7.03 3.36E+13 2.36E+8 1.64E+12 l.l1 E+12 
6 8.19 2.54E+13 2.08E+8 1.64E+12 1.41 E+12 
8 8.55 2.59E+13 2.21E+8 1.64E+12 2.1 E+12 
10 9.01 1.63E+13 1.47E+8 1.64E+12 2.58 E+12 
Feed solution containing 50 mg r~ each of lead, copper and cadmium ions 
4 5.34 3.57E+14 1.91E+9 1.64E+12 2.02E+12 
6 6.73 2.49E+14 1.68E+9 1.64E+12 1.83E+12 
8 6.48 1.83E+14 1.19E+9 I.64E+12 3.35E+12 
10 7.63 1.43E+14 1.09E+9 1.64E+12 2.87E+12 
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Figure 5.9: Calculated steady state flux versus experimental steady state flux 
5.5 Conclusions 
The crossflow permeate flux decay was observed to follow a deadend filtration theory for 
short periods of time. It was independent of the shear rate. However, for longer periods 
the permeate flux reached a steady state which was due to the hydrodynamic shear 
imposed by the crossflow which prevented the growth of the cake after the initial period. 
The deadend model used to estimate the cake layer resistance with the experimental data 
compares quite well (about the same order of magnitude) with the predictions from the 
Happel cell model (1958). The Happel cell model and Darcy's law used in this study 
gives a good insight into the steady state permeate flux for lecithin enhanced crossflow 
microfiltration. It uses microscopic properties to estimate the steady state permeate flux 
offers a good basis for estimating the optimal parameters for lecithin enhanced crossflow 
microfiltration. 
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CHAPTER 6 
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 
WORK 
6.1 Conclusions 
The removal of lead ions, mixtures of lead and copper ions, and mixtures of lead, copper 
and cadmium ions in aqueous solutions has been investigated using lecithin enhanced 
microfiItration with a 0.2 Ilm pore size tubular ceramic membrane. The study has shown 
that lecithin enhanced rnicrofiItration is a possible technique for the removal of lead, 
mixtures of lead and copper, and mixtures of lead, copper,and cadmium ions in aqueous 
solutions .. 
To establish the mechanisms that influence the steady state permeate flux and rejection of 
single and mixtures of metal ions, the effects of lecithin concentration, concentration of 
metal ions, crossflow velocity and transmembrane pressure were determined. The feed 
solutions of lecithin with and without any metal ions were also characterized using 
conductivity, pH, zeta potential, surface tension and mean particle surface volume 
diameter measurements. 
The critical micelle concentration of lecithin without any metal ions is 9 g rl This value 
obtained in the study is comparable to the value (10 g rl) by Wakeman and Kotzian 
(2000). The pseudo-gel concentration of lecithin without any metal ions was 50 g rl. The 
increase in metal ion concentration was observed to cause a decrease in the CMC and pH, 
and an increase in zeta potential and conductivity of lecithin. Lecithin is negatively 
charged (-79 mV) in aqueous solutions. The addition of metal ions to the lecithin solution 
caused an increase in zeta potential which indicates binding of the metal ions to the 
lecithin. This idea is supported by the decrease in CMC of lecithin with the addition of 
metal ions. The addition of metal ions to lecithin solution caused the reduction in the 
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repulsion of the lecithin head groups, thereby making the lecithin molecules aggregate at 
a lower concentration which accounts for the lower CMC values obtained. 
An increase in lecithin concentration improved the rejection of metal ions which may be 
due to an increase in the number of binding sites available. Lead ion rejections as high as 
97% are achievable, even at lecithin concentrations below its CMC. Lecithin showed 
greatest preference for lead followed by cadmium and lastly copper ions for mixtures of 
lead, copper and cadmium ions in solutions. This same order of preference that lecithin 
has for the metal ions lead, cadmium and copper have been reported in the literature 
(Huang et al., 1994). The increase in the metal concentration caused a reduction in metal 
rejection which may be due to the decrease in the number of binding sites available, thus 
decreasing the driving force for the separation process. The removal of metal ions is 
influenced more strongly by the inc(ease in lecithin concentration and less by 
transmembrane pressure and crossflow velocity. 
The minimum rejection of lecithin is 91 % indicating that most of the lecithin is rejected 
by the 0.2 Jlm pore size ceramic membrane making it a suitable membrane for the 
separation process. Such a high rejection of lecithin was expected from the mean surface 
diameter measurements obtained (1.82 to 3.83 Jlm) for the range of lecithin concentration 
used. Since the lecithin is biodegradable the small quantities that remains in the permeate 
will not cause any significant adverse effect on the environment. 
A model has been developed based on the microscopic properties of the feed solutions 
and operating parameters which can be used to predict and explain the steady state 
permeate flux behaviour obtained for the crossflow filtration measurements. The 
crossflow permeate flux decay was observed to follow a deadend filtration theory for 
short periods. It was independent of the shear rate. However, for longer periods the 
permeate flux reached a steady state which was due to the hydrodynamic shear imposed 
by the crossflow which prevented the growth of the cake after the initial period. The pore 
blocking resistance increased with the increase in lecithin concentration. This model 
could be used to provide a fair estimate of the cake layer thickness and the blocking 
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resistance of the membrane for the range of lecithin concentrations used in this study. 
Mikulasek et al., (1998) also used a similar approach to develop a model to predict the 
permeate flux. 
6.2 Recommendations for further work 
Based on the findings of this study, it is recommended that this study be carned on 
further by investigating the removal of lead, copper and cadmium ions from a wastewater 
stimulant since in reality these metal ions would be present with other ions in industrial 
effluents. The experimental results would be different from those obtained with the dilute 
concentrations of metal ions in aqueous solution which were used in this study. 
The experiments could be carned out at controlled pH and ionic concentration. A pH 
change usually causes changes in the adsorption of ionic surfactants (Rosen, 1978) and 
thus influence metal rejection ( Juang and Shiau, 2000). The pH is known to cause a 
change in shape of surfactant (Wakeman and and Kotzian, 2000). The increase in ionic 
strength may lead to compression of the electric double layer resulting in the decrease in 
the binding tendency of surfactants to bind to metal ions (Juang and Shiau, 2000). The 
pH and ionic concentration can also affect the ionic species present, for example, lead 
chloride is less soluble in solutions of CaCh, NaCI and HCI than it is water for respective 
salt concentration less than 2, 4 and 6.2 M due to the well known common ion effect of 
chloride ion. However, the solubility of lead rises sharply above these concentrations 
because the increasing chloride activity favours the formation of soluble lead chloride 
complexes (Holdich and Lawson, 1987). 
It is also recommended that the concept of a process flowsheet for the metal recovery 
based on surfactant enhanced microfiltration, for example, the process sheet shown in 
Figure 6.1, be studied. This basically involves concentrating the metal ions using a two 
stage surfactant enhanced microfiltration (SEM) and passing permeate from the second 
stage of the SEM to an ion exchange unit to improve the metal removal efficiency and 
obtain clean liquid. The retentate from the second stage of the SEM could be sent to an 
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electrolysis unit to recover the metal ions whilst the liquid from the electrolysis unit could 
be recycled to join the effluent. The benefits of recovering the metal ions and reusing the 
surfactant could be investigated. 
, 
I Metal ions 
1/ Electrolysis 
1/ SEM 
Efflu ent Ion exchange 
SEM 
Ir 
Figure 6.1: A process flowsheet for metal recovery based on SEM 
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Appendices 
APPENDIX I: DETERMINATION OF CRITICAL MICELLE 
CONCENTRATION 
Test 1: Surface tension of lecithin solution without any metal ions 
Summary of results 
Concentration Average surface Standard 
(g )"1) tension (mN m·l ) deviation 
0.5 65.8 4.11 
1.0 70.2 2.46 
1.5 68.8 3.29 
2.0 67.9 2.05 
2.5 65.9 0.65 
3.0 63.1 0.95 
3.5 64.9 0.92 
4.0 60.3 3.04 
5.0 52.0 5.09 
6.0 50.3 7.14 
7.0 47.2 2.33 
8.0 44.1 3.14 
9.0 41.4 4.19 
10.0 40.7 3.72 
12.0 40.2 1.91 
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Test 1: Surface tension of lecithin solution without any metal ions 
Sample 1: 
Lecithin Surface tension 
Concentration (mN m·l) 
(grl) 
1 2 3 4 5 
0 72.9 73.1 73.1 73.2 73.1 
0.5 60.2 60.7 62.1 63 63.4 
1.0 72.6 72.7 72.5 72.3 72.6 
1.5 71.6 71.4 71.9 72 71.2 
2.0 70.3 69.7 68.7 68.4 67.9 
3.0 63.9 63.1 62.9 62.7 61.7 
4.0 64.8 64.5 63.2 62.3 62.1 
5.0 57.0 56.5 56.3 56.7 56 
6.0 59.0 58.9 58.9 58.8 58.8 
7.0 47.7 48.3 48.9 50.4 49.8 
8.0 46.3 46.8 46.6 46.6 47.0 
9.0 46.0 47.1 46.6 46.4 47.6 
10.0 43.0 41.8 42.5 42.0 41.3 
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Average 
(mNm·l) 
73.1 
61.9 
72.5 
71.6 
69.0 
62.9 
63.4 
56.5 
58.9 
49.0 
46.7 
46.7 
42.1 
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Test 1: Surface tension oflecithin solution without any metal ions 
Sample 2: 
Lecithin Surface tension 
Concentration (m Nm·1) 
(g rl) 
1 2 3 4 5 
0 71.4 70.6 70.3 70.5 70.0 
0.5 65.4 63.8 65.2 64.5 64.0 
1.0 67.9 67.2 67.0 66.7 66.4 
1.5 64.8 65.1 64.7 63.6 64.0 
2.0 66.5 66.5 65.4 65.7 65.5 
3.0 63.3 62.2 61.8 62.2 62.3 
4.0 55.8 55.5 56.0 56.0 57.6 
5.0 54.4 54.1 54.6 54.5 54.3 
6.0 54.3 54.0 55.0 55.4 55.4 
7.0 46.7 48.0 49.1 48.3 49.2 
8.0 47.9 46.8 46.8 47.3 47.3 
9.0 39.3 38.7 40.4 41.0 39.9 
10.0 47.2 44.2 45.4 46.0 45.4 
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70.6 
64.6 
67.0 
64.4 
65.9 
62.4 
56.2 
54.4 
54.8 
48.3 
47.2 
39.9 
45.6 
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Test 1: Surface Tension of Lecithin Solution without any metal ions 
Sample 3 
Lecithin Surface tension 
Concentration (mN m·l ) 
(g rl) 
1 2 3 4 5 
0 71.8 71.8 72.4 71.0 70.8 
2.0 66.7 66.8 66.0 65.7 65.8 
4.0 60.8 58.7 59.4 58.6 58.6 
6.0 48.0 46.9 47.1 44.2 43.8 
8.0 40.0 38.9 39.5 39.6 42.1 
10.0 39.4 39.0 35.2 37.8 37.2 
12.0 37.6 39.1 40.9 40.8 42.6 
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(mNm·l ) 
71.6 
66.2 
59.2 
46.0 
40.0 
37.7 
40.2 
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Test 1: Surface Tension of Lecithin Solution without any metal ions 
Sample 4: 
Lecithin Surface tension 
Concentration (mNm·l) 
(g rl) 
1 2 3 4 5 
0 73 72 72.5 72.2 71.4 
0.5 70.4 71.3 71.8 69.9 72.0 
1.0 70.2 71.2 71.0 72.0 71.4 
1.5 69.7 71.9 70.0 70.4 69.5 
2.0 70.9 69.7 70.4 71.2 70.0 
2.5 ·65.5 66.0 66.9 65.2 65.7 
3.0 63.5 65.1 64.0 63.6 63.8 
3.5 66.3 64.3 63.9 65.0 65.1 
4.0 64.3 61.9 61.9 62.2 61.2 
5.0 45.7 44.1 44.7 45.7 45.9 
6.0 42.0 39.8 41.1 42.2 42.6 
7.0 44.2 44.8 43.0 44.8 44.6 
8.0 42.1 41.7 42.3 42.7 43.7 
9.0 36.0 36.4 36.8 38.6 39.5 
10.0 35.3 36.4 36.4 39.4 40.0 
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72.2 
71.1 
71.2 
70.3 
70.4 
65.9 
64.0 
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62.3 
45.2 
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Test 2: Surface tension of lecithin solution with 10 mg rI each of lead ion in solutions 
Summary of results 
Concentration (g r1) Average surface Standard 
tension (mN m-I) deviation 
0.5 70.6 0.261 
1.0 64.7 3.635 
1.5 67.9 0.844 
2.0 60.7 1.647 
2.5 65.6 1.569 
3.0 60.4 2.511 
3.5 61.8 2.452 
4.0 57.6 3.773 
5.0 55.5 3.173 
6.0 52.7 5.350 
7.0 48.6 4.107 
8.0 44.8 1.322 
9.0 42.1 4.589 
10.0 41.6 0.733 
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Test 2: Surface tension oflecithin solution with 10 mg r1 oflead ions in solutions 
Sample 1: 
Lecithin Surface tension Average 
Concentration (mNm-1) (mNm-1) 
(g r1) 
1 2 3 4 5 
0 72.2 72.0 72.8 71.8 71.3 72.0 
1.0 63.1 60.8 60.8 60.8 60.7 61.2 
. 
2.0 60.8 60.4 58.2 58.6 58.6 59.3 
3.0 59.3 58.1 58.3 58.2 58.2 58.4 
4.0 56.4 55.5 54.5 54.4 54.6 55.1 
5.0 58.6 55.8 56.1 56.6 56.6 56.7 
6.0 48.3 45.5 44.9 44.6 44.4 45.5 
7.0 49.4 48.3 44.6 43.9 44.1 46.1 
8.0 45.2 43.6 44.6 43.9 44.1 44.3 
9.0 35.2 35.6 35.6 36.9 36.2 35.9 
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Test 2: Surface tension of lecithin solution with 10 mgrl each of lead ions in 
solutions 
Sample 2: 
Lecithin Surface tension Average 
Concentration (mN mol) (mNmol) 
(g rl) 
1 2 3 4 5 
0 72.0 71.0 6809 71.5 70.9 70.9 
1.0 70.7 68.2 69.2 69.0 69.6 69.3 
2.0 61.6 61.8 62.5 60.0 59.8 61.1 
3.0 63.0 62.0 59.3 58.6 58.5 60.3 
4.0 54.3 54.8 55.2 55.2 56.2 55.1 
5.0 53.4 51.8 51.2 50.7 50.4 51.5 
6.0 56.3 58.0 56.6 56.6 55.4 56.6 
7.0 46.6 46.4 45.7 45.7 46.3 46.1 
8.0 46.9 47.0 45.3 46.1 46.5 46.4 
9.0 47.2 45.5 45.3 44.9 45.3 45.6 
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Test 2: Surface tension of lecithin solution with 10 mg r' of lead ion in solution 
Sample 3: 
Lecithin Surface tension Average 
Concentration (mNm"') (mN m"') 
(g r') 
1 2 3 4 5 
0 72.1 70.7 71.8 72.6 71.8 71.8 
0.5 70.9 70.9 70.3 70.6 70.5 70.6 
1.0 63.9 64.2 63.6 63.7 62.5 63.6 
1.5 68.3 68.9 - . 68.4 67.1 67.0 67.9 
2.0 66.0 62.1· 59.9 64.0 62.2 62.8 
2.5 63.7 66.2 65.8 67.8 64.6 65.6 
3.0 66.6 63.3 59.6 60.9 62.0 62.5 
3.5 . 66.1 61.3 60.3 60.9 60.3 61.8 
4.0 64.0 60.0 61.7 63.9 63.0 62.5 
5.0 59.0 59.7 58.2 56.6 57.6 58.2 
6.0 57.4 55.7 56.2 55.6 54.6 55.9 
7.0 56.8 54.3 52.6 52.5 52.5 53.7 
8.0 43.6 43.0 43.4 43.9 44.7 43.7 
9.0 45.3 44.2 44.3 43.7 45.7 44.6 
10.0 41.5 42.5 41.8 40.5 41.9 41.6 
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Test 2: Surface tension of lecithin solution with 10 mg rl of lead ion in solution 
Summary of results 
Concentration (g r1) Average Surface Standard 
Tension (mN m·1 ) Deviation 
0.5 62.7 1.512 
1.0 62.1 0.792 
1.5 57.0 1.384 
2.0 55.2 4.155 
2.5 51.4 1.526 
3.0 48.8 2.606 
3.5 48.0 0.763 
4.0 38.4 3.521 
5.0 32.4 2.164 
6.0 33.2 1.855 
7.0 31.8 0.856 
8.0 30.6 0.638 
9.0 30.8 0.517 
ID.O 30.3 0.476 
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Test 3: Surface tension of lecithin solution with 25 mg rl of lead ion in solution 
Sample 1: 
Lecithin Surface tension Average 
Concentration (mNm·l ) (mNm·l ) 
(g r1) 
1 2 3 4 5 
0 72.3 72.4 73.3 71.4 73.2 72.5 
0.5 61.7 64.9 63.6 62.2 61.2 62.7 
1.5 59.0 57.0 56.8 55.1 57.1 57.0 
2.0 59.7 58.8 58.5 58.0 58.0 58.6 
2.5 52.5 53.5 52.7 53.2 51.9 52.8 
4.0 41.9 40.9 41.6 42.1 42.1 41.7 
5.0 30.0 30.0 30.6 31.1 31.1 30.6 
6.0 33.4 34.3 35.2 35.4 35.8 34.8 
7.0 30.5 31.0 31.2 32.0 32.8 31.5 
8.0 30.3 30.0 30.3 30.9 31.6 30.6 
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Test 3: Surface tension of lecithin solution with 25 mg rl of lead ion in solution 
Sample 2: 
Lecithin Surface tension Average 
Concentration (mNm"~) (mNm"l) 
(g rl) 
1 2 3 4 5 
0 71.9 71.7 72.4 72.2 71.4 71.9 
2.0 56.7 52.0 51.7 49.1 49.4 51.8 
2.5 50.0 50.0 50.1 50.1 49.7 50.0 
3.0 51.0 51.7 51.6 50.9 51.1 51.3 
4.0 34.7 34.9 35.2 35.1 35.5 35.1 
5.0 33.4 34.4 32.5 35.0 35.9 34.2 
6.0 31.0 31.6 30.9 32.7 32.1 31.7 
7.0 31.2 31.7 32.0 32.5 33.2 32.1 
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Test 4: Surface tension of lecithin solution with 50 mg r' of lead ion in solution 
Summary of results 
Lecithin Average surface Standard 
concentration (g r') tension (mN m") deviation 
1.0 54.0 0.792 
1.5 53.4 1.384 
2.0 54.4 4.155 
2.5 43.5 1.526 
3.0 38.9 2.606 
4.0 32.0 3.521 
5.0 33.6 2.164 
6.0 31.2 1.855 
7.0 29.7 0.856 
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Test 4: Surface tension of lecithin solution with 50 mg rl of lead ion in solution 
Sample 1: 
Lecithin Surface Tension Average 
Concentration (mNm·1) (mNm·1) 
(g rl) 
1 2 3 4 5 
0 71.6 72.5 71.7 72.5 71.4 71.9 
1.0 50.2 49.6 49.0 49.7 48.2 49.3 
1.5 56.4 53.3 54.1 54.2 52.8 54.2 
2.0 43.2 42.8 43.2 41.4 43.8 42.9 
2.5 44.0 44.3 44.1 44.4 43.7 44.1 . 
4.0 32.1 31.9 32.1 31.9 32.2 32.0 
5.0 29.9 29.9 30.2 30.6 31.1 30.3 
6.0 30.1 32.1 32.5 32.7 33.1 32.1 
7.0 28.5 31.0 31.2 32.0 32.8 31.1 
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Test 4: Surface tension of lecithin solution with 50 mg rl of lead ion in solution 
Sample 2: 
Lecithin Surface tension Average 
Concentration (mN mol) (mNmol) 
(g rl) 
1 2 3 4 5 
1.0 60.6 58.1 57.2 59.5 57.8 58.6 
1.5 54.9 53.2 52.4 51.6 51.3 52.7 
2.0 52.2 52.4 51.4 52.2 51.8 52.0 
2.5 43.2 42.2 42.9 43.9 42.7 43.0 
5.0 37.4 35.7 37.5 36.4 37.6 36.9 
6.0 30.4 30.0 30.3 30.4 30.7 30.4 
7.0 30.4 30.3 30.3 31.6 32.6 31.0 
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Test 5: Surface tension of lecithin solution with 10 mg rl each of lead and copper 
ions in solution 
Summary of results 
Lecithin Average Surface Standard 
concentration (g rl) Tension (mN m-I) Deviation 
0.5 62.5 5.62 
1.0 70.8 1.59 
1.5 70.1 1.18 
2.0 70.4 2.85 
2.5 67.5 3.49 
3.0 68.1 2.93 
3.5 61.6 1.78 
4.0 63.8 3.90 
4.5 60.2 2.78 
5.0 56.8 4.90 
6.0 54.4 5.61 
7.0 53.3 5.11 
8.0 52.4 1.59 
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Test 5: Surface tension of lecithin solution with 10 mg r1 each of lead and copper ion 
mixtures in solution 
Sample 1: 
Lecithin Surface tension Average 
Concentration (mN m·1) (mNm·1) 
(g r1) 
1 2 3 4 5 
0 73.5 73.2 72.8 71.3 72.1 72.6 
0.5 58.1 54.5 54.5 55.1 53 55.0 
1.0 70.8 69.5 69.4 68.1 68.6 69.3 
1.5 72.9 71.0 70.3 69.3 70.0 70.7 
2.0 72.1 69.5 68.8 67.5 62.4 68.1 
2.5 71.1 66.6 62.6 61.6 60.7 64.5 
3.0 69.3 66.8 63.4 63.9 64.5 65.6 
3.5 63.7 59.9 63.5 63.3 61.6 62.4 
4.0 64.6 61.2 58.9 59.3 54.9 59.8 
4.5 63.6 63.1 60.9 61 59.7 61.7 
5.0 60.5 58.2 55.9 57.5 57.2 57.9 
6.0 47.5 46.8 47.4 47.2 46.5 47.1 
7.0 53.2 52.0 51.8 53.0 53.3 52.7 
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Test 5: Surface tension oflecithin solution with 10 mg rl each oflead and copper ion 
mixtures in solution 
Sample 2: 
Lecithin Surface tension Average 
Concentration (mNm·1) (mNm·l ) 
(g rl) 
1 2 3 4 5 
0 72.6 71.6 73.4 73.3 73.0 72.8 
0.5 67.6 66.8 65.5 63.3 66.7 66.0 
1.0 70.7 71.5 71.0 70.0 69.9 70.6 
1.5 70.3 67.7 69.9 69.0 69.1 69.2 
2.0 73.0 70.6 69.4 70.3 69.8 70.6 
2.5 69.9 71.5 71.6 68.1 68.8 70.0 
3.0 70.4 73.4 71.5 70.6 68.0 70.8 
3.5 63.1 62.8 63.4 61.3 61.6 62.4 
4.0 67.5 64.6 65.3 64.9 65.8 65.6 
4.5 59.7 59.2 59.2 56.2 56.1 58.1 
5.0 54.2 51.5 49.0 50.7 50.5 51.2 
6.0 62.5 59.2 58.2 59.0 59.3 59.6 
7.0 61.3 58.4 58.8 60.4 58.2 59.4 
8.0 54.5 52.9 54.0 52.7 52.7 53.4 
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Test 5: Surface tension of lecithin solution with 10 mg rl each of lead and copper 
ions in solution 
Sample 3 
Lecithin Surface tension Average 
Concentration (mN m·l) (mN m·l) 
(g rl) 
1 2 3 4 5 
0.5 66.0 66.9 65.6 66.7 66.9 66.4 
1.0 73.7 72.1 72.7 72.2 72.2 72.6 
1.5 70.3 70.6 71.3 70.6 69.8 70.5 
2.0 72.7 70.8 73.0 72.7 73.4 72.5 
2.5 70.5 68.2 67.8 66.3 67.2 68.0 
3.0 68.9 65.1 69.7 68.5 67.2 67.9 
3.5 60.0 59.8 62.2 57.5 61.0 60.L 
4.0 67.9 67.0 66.7 67.8 60.8 66.0 
4.5 65.6 59.5 56.9 63.3 59.0 60.9 
5.0 65.2 64.4 59.7 58.5 59.4 61.4 
6.0 57.5 56.7 56.3 56.7 54.9 56.4 
7.0 50.1 47.9 47.4 46.6 46.4 47.7 
8.0 54.0 52.2 50.8 50.4 49.9 51.5 
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Test 6: Surface tension of lecithin solution with 2S mg rl each of lead and copper 
ions in solution 
Summary of results 
Lecithin Average Surface Standard 
concentration (g rl) Tension (mN m·l) Deviation 
0.1 59.6 6.11 
0.2 55.9 4.46 
0.3 53.9 4.21 
0.4 54.5 4.11 
0.5 55.6 2.46 
0.6 54.5 2.50 
0.8 50.9 2.06 
1.0 47.6 1.30 
1.5 44.8 2.02 
2.0 43.7 2.12 
3.0 45.6 0.51 
3.5 42.0 3.92 
5.0 41.9 4.49 
6.0 41.5 6.90 
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Test 6: Surface tension of lecithin solution with 25 mg rI each of lead and copper 
ions in solution 
Sample 1: 
Lecithin Surface tension Average 
Concentration (mN m-I) (mNm-I) 
(g rI) 
1 2 3 4 5 
0 73.6 72.4 71.5 71.4 70.6 71.9 
0.1 59.6 56.0 53.7 53.2 51.2 54.7 
0.2 54.2 50.8 49.6 49.6 49.6 50.8 
0.3 52.9 50.9 48.7 45.9 47.6 49.2 
0.4 49.9 48.5 . 50.7 50.4 48.5 49.6 
0.5 60.4 58.7 58.1 56.9 56.7 58.2 
0.6 53.3 53.5 53.9 51.7 50.9 52.7 
0.8 50.1 52.2 51.2 50.1 47.9 50.3 
1.0 47.4 48.9 48.8 48.7 49.1 48.6 
1.5 42.9 43.1 42.9 42.6 43.4 43.0 
2.0 45.7 46.3 45.2 46.3 44.6 45.6 
3.0 45.9 45.7 45.5 45.9 45.2 45.6 
3.5 45.5 44.9 45.8 45.8 45.8 45.6 
5.0 38.7 37.2 37.0 37.2 38.3 37.7 
6.0 35.2 34.5 34.9 34.9 35.5 35.0 
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Test 6: Surface tension of lecithin solution with 25 mg rl each of lead and copper 
ions in solution 
Sample 2: 
Lecithin Surface tension Average 
Concentration (mN m·l) (mN m·l) 
(grl) 
1 2 3 4 5 
0 73.1 70.6 70.3 70.3 71.1 71.1 
0.1 68.0 66.8 66.4 68.4 66.2 67.2 
0.2 64.2 58.3 56.4 57.1 54.6 58.1 
0.3 57.4 54.7 54.7 56.0 52.0 55.0 
0.4 56.7 57.5 56.2 53.6 52.8 55.4 
0.5 56.5 57.5 55.2 55.0 54.7 55.8 
0.6 58.9 54.9 58.3 53.2 55.8 56.2 
0.8 52.8 56.0 52.3 50.8 52.7 52.9 
1.0 45.7 48.1 46.2 46.1 46.9 46.6 
1.5 45.7 48.1 46.2 46.1 46.9 46.6 
2.0 41.7 40.5 42.5· 41.9 42.6 41.8 
3.0 45.3 46.4 45.9 45.0 44.7 45.5 
3.5 39.5 39.3 36.1 38.4 38.4 38.3 
5.0 45.6 46.1 46.1 45.7 47.1 46.1 
6.0 47.1 47.9 48.2 49.2 47.8 48.0 
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Test 6: Surface tension of lecithin solution with 25 mg rl each of lead and copper 
ions in solution 
Sample 3 
Lecithin Surface Tension Average 
Concentration (mN m·l ) (mNm·l ) 
(g rl) 
1 2 3 4 5 
0 70.7 72.5 70.7 70.8 70.9 71.1 
0.1 60.0 58.9 56.6 55.0 53.3 56.8 
0.2 60.7 60.6 56.6 58.1 57.6 58.7 
0.3 60.1 59.3 56.9 53.8 57.0 57.4 
0.4 60.5 55.9 59.8 58.5 57.7 58.5 
0.5 52.7 52.0 53.2 53.6 53.1 52.9 
0.6 57.3 56.7 52.3 51.5 54.7 54.5 
0.8 49.9 48.7 50.1 49.4 49.0 49.4 
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Test 7: Surface tension of lecithin solution with 50 mg rl each of lead and copper 
ions in solution 
Summary of results 
Lecihtin Average surface Standard 
concentration (g rl) tension (mN m·l) deviation 
0.1 53.9 4.60 
0.3 51.2 5.84 
0.4 49.6 1.69 
0.5 48.7 3.24 
0.6 43.2 2.20 
0.8 43.4 1.35 
0.9 42.1 3.42 
1.0 41.3 3.81 
1.2 41.7 4.44 
1.5 42.2 1.00 
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Test 7: Surface tension of lecithin solution with 50 mg rl each of lead and copper 
ions in solution 
Sample 1: 
Lecithin Surface tension Average 
Concentration (mNm·l) (mNm·l) 
(grl) 
1 2 3 4 5 
0 73.4 73.2 71.4 72.3 72.7 72.6 
0.1 52.9 52.9 47.8 50.7 50.1 50.9 
0.2 50.6 47.9 43.2 43.4 43.0 45.6. 
0.3 59.7 58.4 56.8 57.8 55.9 57.7 
0.4 48.6 49.1 50.2 47.8 48.5 48.8 
0.6 46.1 45.1 43.9 44.1 43.1 44.5 
0.8 42.8 43.1 43.4 39.3 43.2 42.4 
0.9 43.2 44.8 44.9 47.2 47.0 45.4 
1.0 39.9 38.6 38.2 37.1 37.8 38.3 
1.2 41.9 39.9 40.3 40.8 39.3 40.4 
1.5 43.2 41.9 41.8 43.1 40.8 42.2 
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Test 7: Surface tension oflecithin solution with 50 mg rl each of lead and copper ion 
mixtures in solution 
Sample 2: 
Lecithin Surface tension Average 
Concentration (mN m-I) (mNm-l) 
(g rl) 
1 2 3 4 5 
0 73.0 73.6 73.4 72.2 73.1 73.1 
0.1 61.5 60.9 59.8 59.8 56.8 59.8 
0.2 50.6 46.2 44.7 44.6 43.2 45.9 
0.3 44.9 42.5 45.1 43.8 44.4 44.1 
0.4 50.5 50.4 47.7 47.2 47.6 48.7 
0.5 47.6 45.8 45.3 46.3 44.0 45.8 
0.6 40.5 40.3 39.7 41.0 40.5 40.4 
0.7 44.9 42.8 45.4 43.9 41.6 43.7 
0.8 37.9 37.0 37.0 38.8 39.4 38.0 
1.0 47.7 45.1 47.8 44.2 46.2 46.2 
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Test 7: Surface tension of lecithin solution with 50 mg rl each of lead and copper 
ions in solution 
Sample 3 
Lecithin Surface tension Average 
Concentration (mN m"l) (mNm"l) 
(g rl) 
1 2 3 4 5 
0 73.8 73.4 73.8 73.2 72.0 73.2 
0.1 51.9 49.7 52.1 52.3 49.4 51.1 
0.2 45.9 42.0 40.0 40.6 38.3 41.4 
0.3 51.8 52.5 51.6 51.7 51.0 51.7 
0.4 51.4 53.0 51.6 49.4 50.3 51.1 
0.5 52.4 51.8 52.2 50.1 51.5 51.6 
0.6 43.4 44.9 45.3 45.2 44.9 44.7 
0.8 43.8 44.0 43.2 44.7 44.1 44.0 
0.9 42.4 44.6 43.9 41.9 42.2 43.0 
1.0 39.4 38.4 38.4 40.3 39.9 39.3 
1.2 36.8 36.8 37.4 37.3 37.8 37.2 
153 
Appendices 
Test 8: Surface tension of lecithin solution with 10 mg rl each of lead, copper and 
cadmium ions in solution 
Summary of results 
Lecithin Average surface Standard 
concentration (g rl) tension (mN m·l ) deviation 
0 72.9 0.72 
0.5 65.4 3.05 
1.0 69.8 1.61 
1.5 71.7 1.32 
2.0 68.8 2.74 
2.5 65.5 1.95. 
3.0 69.3 1.07 
3.5 61.7 5.47 
4.0 58.9 5.48 
4.5 60.9 5.31 
5.0 59.4 4.59 
6.0 47.6 4.06 
7.0 48.7 2.35 
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Test 8: Surface tension of lecithin solution with 10 mg rl each of lead, copper and 
cadmium ions in solution 
Sample 1: 
Lecithin Surface tension Average 
Concentration (mNm·l) (mNm·l) 
(g rl) 
1 2 3 4 5 
0 73.0 72.4 71.4 72.3 72.7 72.4 
0.5 70.9 68.7 69.2 67.7 68.1 68.9 
1.0 69.5 67.9 67.8 67.7 67.0 68.0 
1.5 71.8 73.4 71.2 70.3 69.0 71.1 
2.0 72.9 71.6 71.2 70.4 69.1 71.0 
2.5 64.9 62.3 63.8 64.2 62.8 63.6 
3.0 69.3 70.3 69.8 69.8 69.9 69.8 
3.5 58.3 56.3 50.3 56.6 53.7 55.0 
4.0 55.7 53.2 50.0 50.0 50.2 51.8 
4.5 57.6 56.4 54.0 51.3 52.3 54.3 
5.0 58.1 54.7 54.2 52.1 53.2 54.5 
6.0 42.9 40.4 44.1 43.9 44.0 43.1 
7.0 48.3 46.1 45.7 45.7 46.2 46.4 
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Test 8: Surface tension of lecithin solution with 10 mg rl each of lead, copper and 
cadmium ions in solution 
Sample 2: 
Lecithin Surface tension Average 
Concentration (mNm·l) (mN m·l) 
(g rl) 
I 2 3 4 5 
0 74.2 72.4 73.0 72.4 73.5 73.1 
0.5 66.0 66.0 65.2 64.3 64.3 65.1 
1.0 71.2 69.4 70.0 69.7 70.1 70.1 
1.5 70.0 73.7 72.1 72.3 72.4 72.1 
2.0 65.1 69.4 70.8 71.8 65.2 68.5 
2.5 68.7 68.1 67.6 67.5 66.4 67.7 
3.0 69.1 70.4 70.0 69.3 69.3 69.6 
3.5 64.1 68.1 67.4 66.0 65.5 66.2 
4.0 61.0 62.9 59.2 61.8 62.8 61.5 
5.0 64.4 59.8 58.1 60.1 . 57.2 59.9 
6.0 48.0 47.0 48.0 47.1 46.8 47.4 
7.0 52.6 52.4 51.4 50.6 50.2 51.4 
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Test 8: Surface tension of lecithin solution with 10 mgrl each of lead, copper and 
cadmium ions in solution 
Sample 3 
Lecithin Surface tension Average 
Concentration (mNm'l) (mN mol) 
(g rl) 
1 2 3 4 5 
0 72.9 73.1 72.8 72.5 74.2 73.1 
0.5 62.7 61.6 61.0 61.9 63.0 62.0 
1.0 71.9 70.3 69.9 72.4 71.5 71.2 
1.5 70.4 71.7 72.9 72.6 71.8 71.9 
2.0 68.6 68.3 64.2 67.6 65.8 66.9 
2.5 64.0 66.7 65.0 64.7 65.9 65.3 
3.0 70.1 69.2 69.1 66.4 67.5 68.5 
3.5 65.5 65.5 59.9 63.8 64.3 63.8 
4.0 64.1 64.0 64.3 62.3 61.4 63.2 
4.5 63.3 62.3 60.7 63.3 61.6 62.2 
5.0 67.7 63.5 63.5 60.9 63.3 63.8 
6.0 52.5 52,9 52.9 51.7 52.0 52.4 
7.0 49.7 48.1 47.5 48.0 48.0 48.3 
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Test 9: Surface tension of lecithin solution with 25 mg rl each of lead, copper and 
Cadmium ions in solution 
Summary of results 
Lecithin Average surface Standard deviation 
concentration (g rl) tension (mN m-I) 
0.1 47.3 4.77 
0.2 47.1 5.44 
0.3 47.7 4.17 
0.4 38.5 5.44 
0.5 39.6 4.17 
0.7 38.2 5.67 
0.8 32.1 0.58 
1.0 36.3 2.71 
1.2 30.4 5.53 
1.5 27.0 1.21 
2.0 27.0 0.27 
3.0 28.1 0.43 
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Test 9: Surface tension of lecithin solution with 25 mg rl each of lead, copper and 
cadmium ions in solution 
A: Sample 1: 
Lecithin Surface tension Average 
Concentration (mNm'l) (mNm-1) 
(g rl) 
1 2 3 4 5 
0 73,1 72.8 72.0 72.8 71.5 72.4 
0.1 42.6 41.6 41.4 39.7 40.6 41.2 
0.2 54.9 51.2 50.0 50.0 49.8 51.2 
0.3 43.9 41.6 41.4 43.2 41.1 42.2 
0.4 36.9 . 35.5 35.1 36.0 36.0 35.9 
0.5 39.5 40.2 39.0 40.4 40.0 39.8 
0.7 31.4 30.3 30.8 30.5 30.6 30.7 
0.8 37.5 37.2 39.1 39.4 37.2 38.1 
1.0 28.5 28.5 29.0 29.3 29.6 29.0 
1.2 33.7 30.3 34.0 30.0 31.6 31.9 
1.5 31.4 32.0 31.5 31.9 29.8 31.3 
2.0 27.2 27.2 27.0 26.7 27.0 27.0 
3.0 28.3 27.9 28.1 28.1 28.0 28.1 
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Test 9: Surface tension of lecithin solution with 2S mgl·1 each of lead, copper and 
cadmium ions in solution 
Sample 2: 
Lecithin Surface Tension Average 
Concentration (mNm·1) (mNm·1) 
(g rl) 
1 2 3 4 S 
0.1 54.4 51.9 50.3 51.5 50.0 51.6 
0.2 40.0 39.2 41.3 39.8 40.0 40.1 
0.3 49.9 49.6 49.0 50.1 49.9 49.7 
0.4 34.2 33.0 34.6 34.3 33.0 33.8 
0.5 38.9 39.3 40.0 38.8 40.0 39.4 
0.7 43.0 40.0 42.3 43.7 43.0 42.4 
0.8 36.9 37.8 34.6 34.3 37.2 36.2 
1.0 30.3 29.2 28.2 28.5 28.3 28.9 
1.2 37.3 39.2 36.8 37.0 36.8 37.4 
1.5 29.7 29.2 28.7 28.7 29.1 29.1 
2.0 27.6 26.9 27.1 26.7 26.9 27.0 
3.0 29.1 28.1 28.1 27.8 27.4 28.1 
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Test 9: Surface tension of lecithin solution with 25 mgr' each of lead, copper and 
cadmium ions in solution 
Sample 2: 
Lecithin Surface Tension Average 
Concentration (mN m"') (mNm"') 
(g r') 
1 2 3 4 5 
0.1 54.4 51.9 50.3 51.5 50.0 51.6 
0.2 40.0 39.2 41.3 39.8 40.0 40.1 
0.3 49.9 49.6 49.0 50.1 49.9 49.7 
0.4 34.2 33.0 34.6 34.3 33.0 33.8 
0.5 38.9 39.3 40.0 38.8 40.0 39.4 
0.7 43.0 40.0 42.3 43.7 43.0 42.4 
0.8 36.9 37.8 34.6 34.3 37.2 36.2 
1.0 30.3 29.2 28.2 28.5 28.3 28.9 
1.2 37.3 39.2 36.8 37.0 36.8 37.4 
1.5 29.7 29.2 28.7 28.7 29.1 29.1 
2.0 27.6 26.9 27.1 26.7 26.9 27.0 
3.0 29.1 28.1 28.1 27.8 27.4 28.1 
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Test 8: Surface tension of lecithin solution with 50 mg rl each of lead, copper and 
cadmium ions 
Sample 3 
Lecithin Surface tension Average 
concentration (mNm-1) (mNm-1) 
(g rl) 
1 2 3 4 5 
0.1 50.6 49.7 49.4 48.0 47.6 49.1 
0.2 53.8 49.3 49.9 48.8 48.3 50.0 
0.3 52.7 51.4 50.6 50.6. 51.2 51.3 
0.4 44.6 45.4 45.3 45.5 49.2 46.0 
0.7 42.1 41.6 40.8 41.7 40.6 41.4 
0.8 43.6 41.6 41.2 42.5 41.5 42.1 
1.0 41.3 38.1 37.7 36.7 38.6 38.5 
1.2 39.5 38.6 39.5 41.5 38.9 39.6 
1.5 32.2 30.0 30.4 30.4 30.8 30.8 
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APPENDIX 11 DETERMINATION OF PARTICLE SIZE OF LECITHIN 
RESULTS OF PARTICLE SIZE OF LECITHIN SOLUTION USING THE 
MELVERN MASTERSIZER 
Distribution: Volume 
Lecithin Mean surface 
concentration volume (sauter) 
(g r1) diameter (1Jl11) 
2.0 2.01 
2.5 1.82 
3.0 2.20 
3.5 2.50 
4.0 2.44 
4.5 3.12 
5.0 2.98 
6.0 2.86 
7.0 3.39 
8.0 3.46 
9.0 3.83 
10.0 3.80 
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SUMMARY OF MEAN SURFACE VOLUME DIAMETER (SAUTER) OF 
LECITHIN SOLUTION (2 g rl) WITH METAL ION(S) 
Distribution: Volume 
Concentration of Mean surface volume (sauter) diameter 
metal ions ( mg rl) (!lm) 
Pb Pb&Cu Ph, Cu, & Cd 
0 2.01 2.01 2.01 
10 7.13 2.87 4.95 
25 4.16 6.36 14.59 
50 3.75 6.09 5.00 
lOO 3.51 3.48 4.50 
APPENDIX Ill: DETERMINATION OF ZETA POTENTIAL OF LECITHIN 
SUMMARY OF ZETA POTENTIAL MEASUREMENTS OF LECITHIN 
SOLUTION (2grl ) WITH METAL IONS 
Metal concentration Zeta potential (m V) 
(mgrl) Pb Pb & Cu (11) Pb, Cu (11) & Cd 
0 -79.1 -79.1 -79.1 
10 -75.8 -53.7 -49.5 
25 -63.2 -38.8 --36.0 
50 -46.9 -33.4 -26.4 
100 -31.3 -22.0 -20.4 
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A: Zeta potential of 2 g rl of lecithin solution containing Lead ions in aqueous 
solutions 
Sample 1: 
Metal ion concentration in Zeta potential measurements Mean zeta potential 
lecithin solution (mV) (mV) 
(mg rl) #1 #2 #3 
0 -77.9 -77.8 -77.3 -77.7 
10 -74.4 -73.8 -76.7 -75.0 
25 -62.8 -63.0 -63.5 - 63.1 
50 -45.3 -48.6 -47.1 -47.0 
100 -30.3 -31.6 -31.9 -31.2 
Sample 2: 
Metal ion concentration in Zeta potential measurements Mean zeta potential 
lecithin solution (mV) (my) 
. 
(mgr1) #1 #2 #3 
0 -79.4 - 81.0 - 80.9 -80.4 
10 -76.2 -76.4 -77.3 -76.6 
25 -64.4 -61.5 -64.1 -63.3 
50 -46.9 -46.6 -46.7 -46.7 
100 -31.7 -31.3 -30.9 -31.3 
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B: Zeta Potential of 2 g rl of lecithin Solution containing equal amounts of lead and 
copper ion mixtures in solution 
Sample 1: 
Metal ion concentration in Zeta Potential Measurements Mean zeta potential 
lecithin solution (mg rl) (mY) (mV) 
#1 #2 #3 
10 -52.4 -53.5 -53.6 -53.2 
25 -38.2 -39.3 -38.9 -38.8 
50 -33.6 -33.8 -33.8 -33.7 
100 -22.1 -21.7 -22.3 -22.0 
Sample 2: 
Metal ion concentration in Zeta potential measurements Mean zeta potential 
lecithin solution (mV) (mV) 
(mgrl) #1 #2 #3 
10 -54.3 -54.0 -54.2 -54.2 
25 -39.0 -38.7 -38.7 -38.8 
50 -33.8 -32.8 -32.7 -33.1 
100 -22.0 -21.8 -22.2 -22.0 
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C: Zeta Potential of 2 g r 1 of lecithin Solution containing equal amounts of lead, 
I 
copper and cadmium ion mixtures in solution 
Sample 1: 
Metal ion concentration in Zeta potential measurements Mean zeta potential 
lecithin solution (mg r1) (mV) (mV) 
#1 #2 #3 
10 -49.3 -47.6 -49.5 .-48.8 
25 -36.3 -36.1 -36.2 -36.2 
50 -26.2 -26.5 -27.8 -26.8 
lOO -20.3 -20.7 -20.4 -20.5 
Sample 2 
Metal ion concentration in Zeta potential measurements Average of zeta 
lecithin solution (mg r1) (mV) potential measurements 
#1 #2 #3 (mV) 
10 -50.1 -51.6 -49.1 -50.3 
25 -34.7 -36.5 -35.9 -35.7 
50 -26.6 -25.0 -26.5 -26.0 
100 -20.0 -20.6 -20.1 -20.2 
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APPENDIX IV: DETERMINATION OF pH OF LECITHIN SOLUTIONS 
SUMMARY OF pH OF LECITHIN SOLUTION (2 g rl) CONTAINING METAL 
IONS 
Concentration of metal pH 
ions (mg rl) Pb Pb&Cu Pb, Cu &Cd 
0 6.17 6.17 6.17 
10 5.35 4.20 4.05 
25 5.51 3.24 3.50 
50 4.22 3.34 3.47 
100 3.32 3.35 3.48 
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APPENDIX V: DETERMINATION OF CONDUCTIVITY OF LECITHIN 
SOLUTIONS 
SUMMARY OF CONDUCTIVITY RESULTS FOR LECITHIN SOLUTION 
WITH LEAD IONS 
Lecithin Conductivity (mS cm -~) 
Concentration (g rl) Lead ion concentration (mg rl) 
0 10 25 50 100 
0 0.002 0.0196 0.061 0.096 0.187 
4 0.097 0.165 0.131 0.143 0.201 
8 0.17 0.164 0.174 0.185 0.211 
12 0.277 0.280 0.285 0.293 0.303 
16 0.304 0.300 0.301 0.301 0.321 
20 0.349 . 0.348 0.348 0.349 0.349 
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SUMMARY OF CONDUCTIVITY RESULTS FOR LECITHIN SOLU TION 
WITH MIXTURES OF LEAD AND COPPER IONS 
Lecithin Conductivity (mS cm") 
Concentration (g rl) Metal ion concentration of lead and copper each (mg r' ) 
10 25 50 
0 0.062 0.198 0.308 
4 0.127 0.209 0.302 
8 0.173 0.232 0.319 
12 0.285 0.326 0.386 
16 0.305 0.327 0.377 
20 0.363 0.389 0.417 
SUMMARY OF CONDUCTIVITY RESULTS FOR LECITHIN SOLU TION 
WITH MIXTURES OF LEAD AND COPPER IONS 
Lecithin Concentration Conductivity (mS cm") 
(g rl) Metal ion concentration of lead, copper and cad mium 
each (mgrl) 
10 25 
0 0.079 0.251 
4 0.122 0.248 
8 0.184 0.279 
12 0.290 0.367 
16 0.307 0.357 
20 0.355 0.403 
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APPENDIX VI: DEAD END FILTRATION TRIALS 
SUMMARY OF RESULTS 
Type of filtration :Dead - end filtration 
Type of membrane : Nylon 
Pore size: 0.1 Jlm 
Surfactant: Lecithin 
Time duration: 3 - 4 hours 
Feed 
Lecithin (g r!) Lead ions (mgr!) 
2000 8.6 
2000 9.5 
2000 21.7 
2000 26.6 
2000 40.2 
2000 48.6 
2000 48.9 
2000 95.1 
10000 10.9 
10000 25.6 
10000 34.9 
10000 88.3 
10000 103 
20000 22.0 
20000 46.7 
20000 96.8 
Permeate % Rejection 
Lead ions (mg r!) 
0.8 90.7 
1.0 89.7 
3.8 82.7 
2.1 92.1 
4.6 88.6 
4.1 91.6 
7.5 84.7 
8.2 91.4 
3.5 67.9 
4.5 82.4 
5.0 85.7 
5.4 93.9 
6.3 93.9 
5.4 75.5 
4.1 91.2 
2.0 97.8 
170 
Appendices 
SUMMARY OF RESULTS FOR LECITHIN SOLUTION WITH MIXTURES OF 
LEAD AND COPPER IONS 
Type of filtration :Dead - end filtration 
Type of membrane : Nylon 
Pore size: 0.1 Ilm 
Surfactant: Lecithin 
Time duration: 3 - 4 hours 
Feed 
Lecithin Lead ion Copper 
Cone. (mg rl) ion 
(mg rl) (mg rl) 
2000 10.8 9.4 
2000 24.3 19.6 
2000 55.4 45.0 
2000 113.3 96.7 
9000 10.4 8.7 
9000 26.0 22.5 
9000 50.9 43.3 
9000 117.9 87.8 
Permeate 
Lead ion 
(mg rl) 
0.6 
1.8 
3.2 
40.1 
5.6 
7.4 
6.7 
10.1 
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% Rejection 
Copper Lead ion Copper 
ion ion 
(mgrl) 
1.2 94.4 87.2 
3.2 86.8 90.8 
10.9 94.2 75.8 
53.9 64.6 44.3 
4.5 46.2 48.3 
6.1 71.5 72.9 
11.5 86.8 73.4 
13.4 91.4 84.7 
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Type of filtration :Dead - end filtration 
Type of membrane : Nylon 
Pore size: 0.1 I1m 
Surfactant: Lecithin 
Time duration: 3 - 4 hours 
Feed 
Lecithin Lead Copper 
(mgrl) (mg rl) (mg rl) 
2000 6.8 8.0 
2000 7.3 9.4 
2000 18.5 23.5 
2000 21.3 27.8 
2000 22.6 20.2 
2000 26.3 36.3 
2000 29.2 37.6 
2000 43.3 55.6 
2000 56.5 50.5 
Permeate 
Cadmium % Rejection of metal ion 
(mg rl) Lead copper Cadmium 
4.8 95.6 92.5 97.9 
8.0 95.9 91.5 97.9 
20.0 96.8 88.5 67.5 
24.1 93.0 78.0 71.4 
25.4 91.2 77.2 86.6 
31.5 92.0 68.9 64.1 
32.0 81.2 52.9 44.7 
46.5 58.7 85.4 61.5 
63.5 86.7 73.5 67.6 
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APPENDIX VII: CROSSFLOW FILTRATION TRIALS FOR LECITHIN 
SOLUTIONS 
Summary of crossflow filtration results for lecithin concentration without any metal 
ions 
Feed concentrations Permeate Rejection Steady 
concentrations (%) state flux 
Lecithin Total Metal Total Metal Total Metal (I m'2 h'l) 
(g rl) carbon ion carbon ion carbon ion 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
0.5 227 - 13 - 94.3 - 74 
1.0 463 - 23.5 - 94,9 - 84 
2.0 1085 - 66.5 - 93.9 - 86 
4.0 2007 - 137 - 93.2 - 63 
6.0 3900 - 228 - 94.2 - 59 
8.0 5183 - 365 - 93.0 - 47 
10 5800 - 405 - 93.0 - 42 
15 9100 - 593 - 93.5 - 30 
20 12200 , 728 - 94.0 - 24 
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Run#l Feed solution: 005 g rl lecithin 
pH Conductivity TC Metal ion 
(J.1Scmol) (ppm) (ppm) 
Start 6.13 17.84 227 -
End 6.69 19.11 232 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN moZ) ("C) 
4.6 73 30 
Permeate 
Time Flux pH Condo TC Metal % Rejection 
(s) (I mOzhOI) (J.1S cmol) (ppm) Ion TC Metal 
(ppm) ion 
300 87 
600 81 
900 80 
1800 79 5.64 5.87 16.7 - 92.6 -
3600 76 5.69 6.24 15.9 - 93.0 -
7200 76 5.97 7.14 15.1 - 93.3 -
10800 76 5.95 7.24 14.7 - 93.5 -
14400 75 5.99 7.21 13.1 - 94.2 -
18000 74 6.08 7.02 14.0 - 93.8 -
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Run#2 Feed solution: 1.0 g rl lecithin 
pH Conductivity TC Metal ion 
(J.!S cm·l ) (ppm) (ppm) 
Start 5.92 54.5 610 -
End 5.64 48.3 615 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m 5.1) (kN m·2) (OC) 
4.6 73 30°C 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m·2 h·l ) (j.lS cm·l ) (ppm) Ion TC Metal 
(ppm) ion 
300 99 
600 98 
900 98 
1800 94 6.29 10.81 33.5 - 92.8 -
3600 92 6.34 14.49 31.5 - 93.2 -
7200 88 6.44 13.53 32.0 - 93.1 -
10800 85 6.54 15.57 30.5 - 93.4 -
14400 86 6.58 16.09 28.5 - 93.8 -
18000 84 15.67 15.67 23.5 - 94.9 -
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Run#3 Feed solution: 2.0 g rl lecithin 
pH Conductivity TC Metal ion 
(J.lS cmol) (ppm) (ppm) 
Start 6.53 59.6 1085 -
End 6.89 6508 1088 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN m 02) ('C) 
4.6 73 bar 30 
Permeate 
Time Flux PH Cond. TC Metal % Rejection 
(s) (I h Olm02) (J.lS cm·l) (ppm) Ion TC Metal 
(ppm) ion 
300 96 
600 95 
900 94 
1800 94 6.22 20.3 78 - 78.0 -
3600 93 6.65 25.2 81 - 81.0 -
7200 91 6.40 28.2 83 - 83.0 -
10800 89 6.60 31.2 73.5 - 73.5 -
14400 87 6.25 32.3 71.5 - 71.5 -
18000 86 6.31 29.3 66.5 - 66.5 -
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Run#4 Feed solution: 4.0 g rl lecithin 
pH Conductivity TC Metal ion 
(!!S cm·l ) (ppm) (ppm) 
Start 6.81 137.3 2007 -
End 7.27 137.6 1959 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m s'!) (kN m·2) ("C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m·2 h·!) (!!S cm·!) (ppm) Ion TC Metal 
(ppm) ion 
300 69 
600 70 
900 70 
1800 70 6.89 76.2 164 - 91.8 -
3600 68 6.60 67.7 170 - 91.5 -
7200 67 6.61 71.2 164 - 91.8 -
10800 66 6.86 77.1 166 - 91.7 -
14400 64 6.73 79.5 163 - 91.9 -
18000 63 6.79 82.8 137 - 93.2 -
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Run#S Feed solution: 6.0 g rl lecithin 
pH Conductivity TC Metal ion 
(1lS cm"l) (ppm) (ppm) 
Start 7.13 161.7 3900 -
End 7.15 150.9 3844 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m 5"1) (kN m·2) (0C) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m"2 h"l) (1lS cm"l) (ppm) Ion TC Metal 
(ppm) ion 
300 61 
600 62 
900 61 
1800 62 7.11 64.3 248 - 93.6 -
3600 61 6.99 66.2 248 - 93.6 -
7200 60 7.05 70.2 255 - 93.5 -
10800 61 7.06 73.8 250 - 93.6 -
14400 59 7.29 78.9 255 - 93.5 -
18000 59 7.11 80.8 228 - 94.0 -
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Run#6 Feed solution: 8.0 g rl lecithin 
pH Conductivity TC Metal ion 
(J.1S cm·l ) (ppm) (ppm) 
Start 6.13 185.6 5183 -
End 5.56 213 5467 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kNm'z) (0C) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m,Zh- l ) (J.1S, cm-I) (ppm) Ion TC Metal 
(ppm) ion 
300 
600 
900 
1800 47 5.77 79.8 375 
- 92.8 -
3600 47 5.80 83.4 373 - 92.8 -
7200 47 5.81 89.0 358 - 93.1 -
10800 47 5.83 92.3 . 373 - 92.8 -
14400 47 5.88 100.0 370 - 92.8 -
18000 47 6.08 96.9 365 - 93.0 -
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Run#7 Feed solution: 10 g rllecithin 
pH Conductivity TC Metal ion 
(!!Scmol) (ppm) (ppm) 
Start 6.00 193.4 5800 -
End 5.93 198.1 5660 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN m02) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Condo TC Metal % Rejection 
(s) (I h ol m 02) (!!S. cmol) (ppm) Ion TC Metal 
(ppm) ion 
300 43 
600 44 
900 44 
1800 44 6.11 90.6 415 - 9208 -
3600 43 5.99 94.8 400 - 93.1 -
7200 43 5.99 99.4 410 - 92.9 -
10800 43 6.03 105.2 395 - 93.1 -
14400 42 5.89 111.1 405 - 93.2 -
18000 42 5.84 95.2 370 - 93.0 -
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Ruu#8 Feed solution: 15 g r' lecithin 
pH Conductivity TC Metal ion 
(J.!ScmO ') (ppm) 
Start 5062 267 9100 -
End 5053 270 9500 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m SO') (kN m02) (0C) 
406 73 29 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m02 hO ') (J.!S,cmO ') (ppm) (ppm) TC Metal 
ion 
300 32 
600 32 
900 32 
1800 32 5.82 143.1 588 - 93.5 -
3600 32 6.51 147.3 573 - 93.7 -
7200 30 6.09 160.8 600 - 93.4 -
10800 30 5.98 172.4 590 - 93.5 -
14400 30 5.92 188.3 600 - 93.4 -
18000 30 5.91 181.6 593 - 93.5 -
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Run#9 Feed solution: 20 grl lecithin without any metal ion in solution 
pH Conductivity TC Metal ion 
(IJS cm·l ) (ppm) (ppm) 
Start 5.28 313 12200 -
End 5.35 337 12067 
-
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m'z) (0C) 
4.6 73 bar 29 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m'z h·l ) (lJS.cm·l ) (ppm) Ion TC Metal 
(ppm) ion 
300 22 
600 25 
900 25 
1800 25 5.17 214 718 - 94.1 -
3600 24 5.66 229 753 - 93.8 -
7200 24 5.71 262 805 - 93.4 -
10800 23 5.69 269 755 - 93.8 -
18000 24 5.33 292 728 - 94.0 -
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APPENDIX VID: CROSSFLOW FILTRATION TRIALS FOR LECITHIN 
SOLUTIONS WITH LEAD IONS 
Summary of crossflow filtration results for lecithin solution with 10 ppm oflead ion 
Feed concentrations Permeate % Rejection Steady 
(gr!) Concentrations State 
Lecithin Total Metal Total Metal Total Metal flux 
(g r!) carbon ion carbon ion carbon ion (I m"2h"!) 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
0 - 9.6 - 2.3 - 76.0 56 
0.5 233 9.8 16.5 1.8 92.9 81.6 47 
1 525 11 39 0.9 92.6 91.8 51 
2 1021 10.1 81 0.5 92.1 95.0 45 
5 2082 10.2 192 0.6 90.8 94.1 44 
9 4210 10.0 221 0.7 94.8 93.0 44 
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Summary of crossflow filtration results for lecithin solution with 25 ppm of lead ion 
Feed concentrations Permeate % Rejection Steady 
(grl) Concentrations state flux 
Lecithin Total Metal Total Metal Total Metal (I mo2 hol) 
(g rl) carbon ion carbon ion carbon ion 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
0 0 27 0 8.4 0 68.9 74 
0.5 283 26.0 11.1 1.2 96.1 95.4 74 
1.0 583 26.2 22.0 0.2 96.2 99.2 73 
2.0 1250 24.6 55 0.4 95.6 98.4 74 
4.0 2390 25.2 142 0.4 94.1 98.4 62 
6.0 3630 26.4 208 0.3 94.3 98.9 52 
8.0 5217 24.5 348 0.7 93.3 97.1 43 
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Summary of cross flow filtration results for lecithin solution with 50 ppm of lead ions 
Feed Concentrations Permeate % Rejection Steady 
(g r1) Concentrations State 
Lecithin Total Metal Total Metal Total Metal Flux 
(g r1) carbon ion carbon ion carbon ion (I m·2h·1) 
(ppm) (pp m) (ppm) (ppm) (ppm) (ppm) 
0 
-
50 - 32.9 - 34.2 64 
0.5 186 55.5 13.5 14.6 92.7 73.7 63 
1.0 520 55 37 4.2 92.9 94.0 62 
4.0 1840 55.5 102 0.7 94.4 98.7 57 
9.0 4370 55 263 1.2 94.0 97.8 50 
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Summary of crossflow filtration results for lecithin solution with 100 ppm lead ions 
Feed Concentrations Permeate % Rejection Steady 
(g r1) Concentrations State 
Lecithin Total Metal Total Metal Total Metal Flux 
(gr1) Carbon Ion Carbon Ion Carbon Ion o m-2h-1) 
(ppm) (ppm) (ppm) (ppm) (ppm) (ppm) 
0_5 243 98.2 23.5 46.4 90.3 52.7 28 
1.0 535 103 42.5 39.3 92.7 61.8 32 
2.0 1100 95.4 79.5 22.9 92.8 76.0 43 
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Run # 10 Feed solution: 0 g rllecithin with 10 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(!JS cm·l) (ppm) (ppm) 
Start 4.22 14.02 - 9.6 
End 4.32 14.64 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·z) (0C) 
4.6 73 30 
Penneate -
Time F1ux pH Cond. TC Metal % Rejection 
(s) (I m·z h·1) (!JS,cm·l) (ppm) Ion TC Metal 
(ppm) ion 
300 
600 63 
900 63 
1800 62 3.84 13.97 - 1.3 - 86.5 
3600 61 4.19 14.76 - 1.3 - 86.5 
7200 60 4.77 19.15 - lA - 85.4 
10800 57 4.51 16.28 - 1.8 - 81.3 
14400 57 3.91 14.66 - 2.3 - 76.0 
18000 56 4.32 14.66 - 2.3 - 76.0 
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Run # 11 Feed solution: 0.5 g rllecithin with 10 mg rllead ion in solution 
pH 
Start 5.67 
End 5.42 
Operating Conditions 
Crossflow velocity 
(m S·I) 
4.6 
Permeate 
Time Flux 
(s) (1 m·2 h·l) 
300 
600 57 
900 57 
1800 55 
3600 52 
7200 51 
10800 48 
14400 48 
18000 47 
Conductivity 
(~ cm·l) 
47.2 
45.2 
Transmembrane Pressure 
(kN m·2) 
73 
pH Cond. TC 
(~.cm·l) (ppm) 
5.15 56.2 16.0 
533 55.5 20.0 
5.61 54.2 14.0 
5.65 53.4 19.5 
5.56 53.3 16.5 
5.60 53.5 16.5 
188 
TC Metal ion 
(ppm) (ppm) 
233 9.8 
210 
Temperature 
("C) 
30 
Metal % Rejection 
Ion 
(ppm) 
TC Metal 
ion 
2.0 93.1 79.6 
2.5 91.4 74.5 
2.1 94.0 78.6 
1.7 91.6 82.7 
1.8 92.9 81.6 
1.8 92.9 81.6 
Appendices 
Run # 12 Feed solution: 1.0 grllecithin with 10 mgrllead ion in solution 
pH Conductivity TC Metal ion 
(j.lS cm-I) (ppm) (ppm) 
Start 6.01 38.3 525 11.0 
End 6.90 41.8 527 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kN m-2) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m-2 h-l) (j.lS cm-I) (ppm) Ion TC Metal 
(ppm) ion 
300 67 
600 66 
900 64 
1800 62 6.05 16.87 46.5 0.4 91.1 96.4 
3600 59 6.17 16.50 41.5 0.5 92.1 95.5 
7200 55 6.02 16.37 43.0 0.6 91.8 94.5 
10800 53 6.27 16.43 38.0 0.7 92.8 93.6 
14400 52 6.33 17.85 41.0 0.8 92.2 92.7 
18000 51 6.44 19.90 39.0 0.9 92.6 91.8 
189 
Appendices 
Run#13 Feed solution: 2.0 g 1'1 lecithin with 10 mg 1'1 lead ion in solution 
pH 
Start 6.44 
End 6.21 
Operating Conditions 
Crossflow velocity 
(m S·I) 
4.6 
Permeate 
Time Flux 
(s) (I m·2 h·l ) 
300 54 
600 52 
900 52 
1800 51 
3600 49 
7200 48 
10800 47 
14400 47 
18000 45 
Conductivity 
(JIS cm·l ) 
114.9 
130.1 
Transmembrane Pressure 
(kN m·2) 
73 
pH Cond. TC 
(JIS cm·l ) (ppm) 
6.12 19.01 80.5 
6.24 19.19 82.5 
6.47 20.9 78.0 
6.52 22.5 84.0 
6.63 24.3 78.0 
6.76 25.7 81.0 
190 
TC Metal ion 
(ppm) (ppm) 
1021 10.1 
1036 
Temperature 
(0C) 
30 
Metal % Rejection 
Ion TC Metal 
(ppm) ion 
0.3 92.1 97.0 
0.4 91.9 96.0 
0.4 92.4 96.0 
0.5 91.8 95.0 
0.5 92.4 95.0 
0.5 92.1 95.0 
Appendices 
Run # 14 Feed solution: 5.0 grllecithin with 10 mgrllead ion in solution 
pH Conductivity TC Metal ion 
(J.LS cm·l) (ppm) 
Start 6.61 118.8 2082 10.2 
End 6.64 127.7 2071 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·2) ("C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m·2 h·l) (J.LS cm·l) (ppm) (ppm) TC Metal 
ion 
300 53 
600 53 
900 52 
1800 50 6.60 42.3 187 0.5 91.0 95.1 
3600 49 6.95 45.4 164 0.5 92.1 95.1 
7200 47 6.95 48.2 177 0.5 915 95.1 
10800 45 6.71 50.6 178 0.5 91.5 95.1 
14400 44 6.94 53.2 179 0.5 91.4 95.1 
18000 44 6.76 57.2 192 0.6 90.8 94.1 
191 
Appendices 
Run # 15 Feed solution: 9.0 g rllecithin with 10 mg rllead ion in solution 
pH Conductivity TC Metal ion 
()J.S cm·l) (ppm) 
Start 6.17 190.4 4210 10 
End 6.84 196.4 4500 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·2) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m·2 h·l) ()J.S cm:l) (ppm) (ppm) TC Metal 
ion 
300 52 216 
600 
900 
1800 
3600 48 6.25 74 250 0.7 94.1 93.0 
7200 48 6.19 75.2 234 0.6 94.4 94.0 
10800 47 6.23 78.5 240 0.6 94.3 94.0 
14400 46 7.03 82.2 230 0.7 94.5 93.0 
18000 46 6.46 87.6 245 0.7 94.2 93.0 
192 
Appendices 
Run # 16 Feed solution: 0 g rllecithin with 25 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(j.!S cm'l) (ppm) (ppm) 
Start 4.12 33,8 - 27.0 
End 3.98 39.6 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S'I) (kN m'2) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (Im'2h'l) (j.!S cm'l) (ppm) (ppm) TC Metal 
ion 
300 87 
600 86 
900 86 
1800 84 3.33 40.3 - 11.0 - 58.8 
3600 82 3.48 37.6 - 10.4 - 61.5 
7200 79 3.62 36.6 - 10.4 - 61.5 
10800 77 3.63 36.1 - 9.5 - 64.8 
14400 76 3.75 35.9 - 8.9 - 67.0 
18000 74 3.91 35.9 - 8.4 - 68.9 
193 
Appendices 
Run # 17 Feed solution: 0.5 gr!lecithin with 25 mgr!lead ion in solution 
pH Conductivity TC Metal ion 
(~ cm'!) (ppm) (ppm) 
Start 4.25 36.0 283 26.0 
End 3.66 39.3 278 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(ms'!) (kN m'2) (0C) 
4.6 73 29.8 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m·2h'!) (~ cm'!) (ppm) (ppm) TC Metal 
ion 
300 86 
600 84 
900 83 
1800 81 3.32 38.0 13.2 3.3 95.3 87.3 
3600 78 3.86 32.4 13.2 2.6 95.3 90.0 
7200 76 4.15 32.0 11.4 3.6 96.0 86.1 
10800 76 4.26 31.5 11.5 3.1 95.9 88.1 
14400 75 4.29 30.6 11.8 2.8 95.8 89.2 
18000 74 4.34 30.6 11.1 1.2 96.1 95.2 
194 
Appendices 
Run # 18 Feed solution: 1.0 grllecithin with 25 mgrl lead ion in solution 
pH Conductivity TC Metal ion 
(!!S Cm'l) (ppm) (ppm) 
Start 85.6 583 26.2 
End 4.66 51.9 570 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature (OC) 
(m S'I) (kN m'2) 
8.22 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m'2h'l) (!!S cm'l) (ppm) (ppm) 
TC Metal 
ion 
300 87 
600 89 
900 87 
1800 85 4.81 36.0 30.5 0.3 94.8 98.9 
3600 82 4.86 36.6 26.0 0.2 95.5 99.2 
7200 79 4.93 38.0 25.5 0.2 95.6 99.2 
10800 75 4.92 37.3 21.0 0.2 96.4 99.2 
14400 74 4.91 39.3 20.0 0.2 96.6 99.2 
18000 73 4.95 38.4 22.0 0.2 96.21 99.2 
195 
Appendices 
Run # 19 Feed solution: 2.0 g rllecithin with 25 mg rllead ion in solution 
PH Conductivity TC Metal ion 
(IJS cm·l) (ppm) (ppm) 
Start 5.50 64.1 1250 24.6 
End 5.70 70.4 1175 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kNm·z) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) o m·zh·l) (J.!S cm·l) (ppm) (ppm) TC Metal 
ion 
300 79 
600 79 
900 77 
1800 76 5.41 43.0 66 0.8 94.7 96.7 
3600 74 5.44 45.1 60 0.7 95.2 97.2 
7200 71 5.56 44.1 62 0.6 95.0 97.6 
10800 - 5.51 47.1 61.5 0.6 95.1 97.6 
14400 - 5.88 46.0 53 0.4 95.8 98.4 
18000 74 5.68 47.4 55 0.4 95.6 98.4 
196 
Appendices 
Run#20 Feed solution: 4.0 g rl lecithin with 25 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(~cm·l) (ppm) (ppm) 
Start 5.85 106.0 2390 25.2 
End 5.90 111.9 2360 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (QC) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I h·1 mo2) (~cmol) (ppm) (ppm) TC Metal 
ion 
300 71 
600 71 
900 70 
1800 68 5.69 63.3 127 0.4 94.7 98.4 
3600 68 5.69 63.6 154 0.3 93.6 98.8 
7200 65 5.74 65.4 147 0.3 93.8 98.8 
10800 64 5.59 65.6 152 0.4 93.6 98.4 
14400 62 5.87 65.3 136 0.4 94.3 98.4 
18000 62 5.66 62.1 142 0.4 94.1 98.4 
197 
Appendices 
Run #21 Feed solution: 6.0 g 1'1 lecithin with 25 mg 1'1 lead ion in solution 
pH Conductivity TC Metal ion 
(!1S cm·l ) (ppm) (ppm) 
Start 5.54 144.1 3630 26.4 
End 5.73 147.9 3820 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (0C) 
4.6 73 30 
Permeate 
Time F1ux pH Cond. TC Metal % Rejection 
(s) (I m·2 h·l ) (IJS cm·l ) (ppm) (ppm) 
TC Metal 
ion 
300 53 
600 53 
900 54 
1800 53 5.83 80.4 228 0.7 93.7 97.3 
3600 52 6.14 93.1 223 0.4 93.9 98.5 
7200 53 5.66 85.1 243 0.4 93.3 98.5 
10800 53 5.82 82.1 218 0.4 94.0 98.5 
14400 52 5.73 85.1 208 0.3 94.2 98.9 
18000 52 6.11 89.7 208 0.3 94.3 98.9 
198 
Appendices 
Run No. 22 Feed solution: 8.0 g rl lecithin with 25 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(IJS cmol) (ppm) (ppm) 
Start 5.77 191.3 5217 24.5 
End 5092 201.0 5517 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN mOz) (OC) 
4.6 73 30 
Permeate 
Time F1ux pH Cond. TC Metal % Rejection 
(s) (I mOzhOI) (IJS cmol) (ppm) (ppm) TC Metal 
ion 
300 45 
600 45 
900 45 
1800 45 5.63 131.8 348 0.6 93.3 97.6 
3600 44 5.82 134.1 368 0.4 92.9 98.4 
7200 43 5.74 136.2 357 0.7 93.2 97.1 
10800 43 5.74 139.6 343 0.5 93.4 98.0 
14400 42 5.86 139.2 328 0.8 93.7 96.7 
18000 43 5.76 140.0 348 0.7 93.3 97.1 
199 
Appendices 
Run#23 Feed solution: 0 g rl lecithin with 50 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(~ cm·1) (ppm) 
Start 5.57 66.9 - 50.0 
End 5.04 64.6 -
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (0C) 
4.6 70 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) o m·2 h·1) (~ cm·1) (ppm) (ppm) 
TC Metal 
ion 
300 69 
600 66 
900 66 
1800 65 4.60 69.0 - 37.5 - 25.0 
3600 64 4.21 67.4 - 37.5 - 25.0 
7200 63 5.25 65.4 - 35.1 - 29.8 
10800 63 4.93 63.2 - 34.6 - 30.8 
14400 64 5.11 61.0 - 32.8 - 34.4 
18000 64 5.30 61.3 - 32.9 - 34.2 
200 
Appendices 
Run#24 Feed solution: 0.5 g rllecithin with 50 mg rllead ion in solution 
pH Conductivity TC Metal ion 
(jJS cm·l ) (ppm) 
Start 4.41 72.8 55.5 
End 5.20 65.3 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·2) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (l m·2 h·l) (jJS cm·l) (ppm) (ppm) TC Metal 
ion 
300 70 , 
600 69 
900 68 
1800 68 4.25 68.8 15.2 25.3 91.8 54.4 
3600 68 4.33 67.4 14.5 25.0 92.2 55.0 
7200 - 5.24 58.9 15.6 20.3 91.6 63.4 
10800 63 5.70 59.2 13.7 16.8 92.6 63.1 
14400 63 5.60 58.2 13.8 14.6 92.7 69.7 
18000 63 5.73 58.6 13.5 17.6 93.3 73.7 
201 
.---------- --_. 
Appendices 
Run#25 Feed solution: 1.0 g rllecithin with 50 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(IJS cm·l) (ppm) 
Start 5.54 71.9 520 55 
End 5.64 83.8 495 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kN m-Z) (0C) 
4.6 73 30 
Permeate 
Time F1ux pH Cond. TC Metal % Rejection I 
(s) (I m,zh-I ) (IJS cm-I) (ppm) (ppm) 
TC Metal 
ion 
300 75 
600 74 
900 71 
1800 65 5.09 65.5 38 4.2 92.7 92.4 
3600 63 5.03 67.3 34 6.3 93.5 88.5 
7200 63 5.44 68.0 38 5.8 92.7 89.5 
10800 63 5.63 62.8 32 5.2 93.8 90.5 
14400 62 5.80 65.3 35 4.1 93.3 92.5 
18000 61 5.88 64.1 37 4.2 92.9 92.4 
202 
Appendices 
Run#27 Feed solution: 4.0 g rllecithin with 50 mg rllead ion in solution 
pH Conductivity TC Metal ion 
(J.1S cm·l) (ppm) (ppm) 
Start 1840 55.5 
End 6.98 135.1 2069 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) ('C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m"2h"l) (J.1S cm"l) (ppm) (ppm) 
TC Metal 
ion 
300 63 
600 63 
900 63 
1800 62 52 1.0 97.2 98.2 
3600 61 56 1.8 97.0 96.8 
7200 58 52 2.1 97.2 96.2 
10800 58 63 1.8 96.6 96.8 
14400 57 96.6 51 1.5 97.2 97.3 
18000 57 6.60 103.5 102 0.7 94.4 98.7 
203 
--------------- -
Appendices 
Run # 28 Feed solution: 9.0 g rl lecithin with SO mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(1lB cm·l ) (ppm) (ppm) 
Start 6.53 201 4370 55 
End 6.88 219 4370 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m·2 b·!) (JJS cm'!) (ppm) (ppm) TC Metal 
ion 
300 54 
600 52 
900 52 
1800 52 6.38 124.0 249 2.0 94.3 96.4 
3600 51 6.53 135.2 248 1.5 94.3 97.3 
7200 51 6.60 125.8 211 1.3 95.2 97.6 
10800 51 6.69 130.6 216 1.1 95.1 98.0 
14400 50 6.88 131.4 221 1.1 94.9 98.0 
18000 50 6.78 137.5 263 1.2 94.0 97.8 
204 
Appendices 
Run # 29 Feed solution: 0.5 g 1'1 lecithin with 100 mg 1'1 lead ion in solution 
pH Conductivity TC Metal ion 
(!JS cm·l) (ppm) (ppm) 
Start 3.91 134.7 243 98.2 
End 3.95 136.6 199 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S'I) (kNm'2) (QC) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m'2h'l) (!lS cm'l) (ppm) (ppm) TC Metal 
ion 
300 75 
600 71 
900 68 
1800 61 4.22 131.9 19.0 57,3 92.2 41.6 
3600 56 4.20 132.6 20.0 54.1 91.8 44.1 
7200 46 4.22 132.4 21.5 52.3 91.2 46.7 
10800 36 4.16 132.1 29.0 50.0 88.1 49.0 
14400 30 4.20 132.5 21.5 47.8 91.2 50.4 
18000 28 4.21 132.9 23.5 46.4 90.3 52.7 
205 
Appendices 
Run#30 Feed solution: 1.0 g rllecithin with 100 mg rllead ion in solution 
pH Conductivity TC Metal ion 
().1Scmol) (ppm) (ppm) 
Start 4013 13702 535 103 
End 4.23 137.8 538 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN mOz) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Condo TC Metal % Rejection 
(s) (I mOzhOI) ().1S cmol) (ppm) (ppm) TC Metal 
ion 
300 53 
600 50 
900 48 
1800 43 4.20 130.1 42.5 39.7 92.1 61.5 
3600 40 4.30 134.1 43.0 40.0 92.0 61.2 
7200 37 4.24 131.2 41.5 38.0 92.2 63.1 
10800 35 4.28 130.9 35.5 36.2 93.2 64.9 
14400 33 4.31 131.5 40.0 34.6 93.5 66.4 
18000 32 - - 42.5 39.3 92.7 61.8 
206 
Appendices 
Run#31 Feed solution: 2.0 g rl lecithin with 100 mg rllead ion in solution 
pH Conductivity TC Metal ion 
(lJ.Scm·l) (ppm) (ppm) 
Start 3.82 137.7 1100 95.4 
End 4.26 135.3 1157 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (OC) 
4.6 73 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) o m"2 h·l) (IJ.S cm"l) (ppm) (ppm) TC Metal 
ion 
300 51 
600 50 
900 50 
1800 48 4.29 130.8 79.0 36.3 92.8 61.9 
3600 47 4.70 132.2 76.5 23.8 93.0 75.0 
7200 46 4.14 129.0 84.0 31.8 92.4 66.7 
10800 45 4.16 128.9 77.0 28.5 93.0 70.1 
14400 44 4.33 129.9 68.5 22.5 93.8 76.4 
18000 43 4.31 128.0 79.5 22.9 92.8 76.0 
207 
Appendices 
APPENDIX IX: CROSSFLOWFILTRATION TRIALS AT VARIOUS 
OPERATING CONDITIONS FOR LECITHIN SOLUTIONS WITH LEAD ION 
Run #32 Feed solution: 5 g rllecithin with 50 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(J.!S cm·l) (ppm) (ppm) 
Start 5.61 183.8 2938 51.7 
End 6.13 214.0 3075 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (0C) 
1.4 50 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m·2 h·l) (J.!S cm·l) (ppm) (ppm) TC Metal 
ion 
300 33 
600 32 
900 32 
1800 32 6.04 159.6 193 0.7 93.4 98.6 
3600 30 6.02 166.5 173 1.0 94.1 98.1 
7200 29 6.20 175.9 198 1.2 93.3 97.7 
10800 28 6.14 186.1 203 1.3 93.1 97.5 
14400 27 6.16 195.6 190 1.1 93.5 97.9 
18000 27 6.15 203.0 203 1.1 93.1 97.9 
208 
Appendices 
Run#33 Feed solution: 5 g rl lecithin with 50 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(J.lS cm'l) (ppm) (ppm) 
Start 5.91 177.2 2025 48.9 
End 6.03 204 2350 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(ms'l) (kN m'2) (DC) 
1.4 70 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m'2h'l) (J.lS cm'l) (ppm) (ppm) TC Metal 
ion 
300 9.6 
600 8.5 
900 7.6 
1800 7.6 6.13 135.3 110 1.1 94.6 97.8 
3600 7.4 6.18 139.0 113 1.2 94.4 97.5 
7200 7.2 6.22 148.6 170 1.1 91.6 97.8 
10800 6.8 6.17 156.1 143 1.2 92.9 97.5 
14400 6.8 6.36 161.1 113 1.3 94.4 97.3 
18000 6.3 6.25 167.2 156 1.2 92.3 97.5 
209 
Appendices 
Run#34 Feed solution: 5g rl lecithin with 50 mg rl lead ion in solution 
PH Conductivity Metal ion 
(~ cmo1) (ppm) 
Start 4091 170.6 50.9 
End 5.42 194.7 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN m02) (0C) 
1.6 73 29.6 
Permeate 
Time Flux pH Condo Metal % Rejection 
(s) (I m02 h01) (~cmol) (ppm) Metal ion 
300 44 
600 44 
900 43 
1800 43 5.82 126.0 0.6 98.8 
3600 42 5.18 128.7 1.0 98.0 
7200 41 5.70 137.6 0.9 98.2 
10800 38 5.64 143.5 1.0 98.0 
14400 38 5.72 149.2 1.0 98.0 
18000 38 5.43 154.5 1.1 97.8 
210 
Appendices 
Run#35 Feed solution: 5 g r1 lecithin with 50 mg r1 lead ion in solution 
PH Conductivity Metal ion 
(!J.S cm-I) (ppm) 
Start 5.23 160.7 49.4 
End 5.58 179.9 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-l) (kN m-2) ("C) 
2.8 40 30 
Permeate 
Time Flux pH Cond_ Metal % Rejection 
(s) (I m-2 h-1) (!J.S cm-I) (ppm) Metal ion 
300 91 
600 93 
900 91 
1800 88 5.22 121.6 0.9 98.2 
3600 85 5.22 125.2 1.2 97.6 
7200 79 5.29 128.8 1.4 97.2 
10800 74 5.49 135.2 1.2 97.6 
14400 74 5.37 138.3 1.3 97.4 
18000 71 5.39 144.7 1.1 97.8 
211 
Appendices 
Run#36 Feed solution: 5 g rl lecithin with 50 mg rl lead ion in solution 
PH Conductivity Metal ion 
(j.tScm·l ) (ppm) 
Start 6.40 157.8 46.9 
End 5.71 190.8 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(ms·l ) (kN m·2) (0C) 
2.8 60 30 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (1 m·2 h·l ) (j.tS cm·l ) (ppm) Metal ion 
300 76 
600 76 
900 74 
1800 74 5.21 113.6 1.3 97.2 
3600 73 5.55 117.3 1.3 97.2 
. 
7200 71 5.24 124.9 1.6 96.6 
10800 68 5.33 131.4 1.5 96.8 
14400 68 5.52 142.3 1.4 97.0 
18000 64 5.67 148.2 1.1 97.7 
212 
Appendices 
Run #37 Feed solution: 5 g rl lecithin with 50 mg rl lead ion in solution 
PH 
Start 5.60 
End 5.82 
Operating Conditions 
Conductivity 
(IJ.S cmol) 
190.2 
214 
Crossflow velocity Transmembrane Pressure 
(m sol) (kN mOZ) 
2.8 73 
Permeate 
Time Flux pH Condo 
(s) o mOzh'l) (IJ.S cmol) 
300 68 
. 
600 68 
900 68 
1800 67 6.00 153.5 
7200 62 6.43 163.6 
10800 59 6.21 164.5 
14400 57 6.10 172.3 
18000 55 6.08 179.3 
213 
Metal 
(ppm) 
0.6 
0.9 
0.9 
1.1 
0.7 
Metal ion 
(ppm) 
49.4 
Temperature 
(OC) 
29.8 
% Rejection 
Metal ion 
98.8 
98.2 
98.2 
97.8 
98.6 
Appendices 
Run #38 Feed solution: 5 g rllecithin with 50 mg rllead ion in solution 
PH Conductivity Metal ion 
(~ cmol) (ppm) 
Start 5.61 112.4 50.3 
End 5.61 114.8 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN m02) (0C) 
2.8 80 30 
Permeate 
Time Flux pH Condo Metal % 
(s) (I m02 h OI) (~ cmol) (ppm) Rejection 
Metal ion 
300 57 
600 56 
. 
900 54 
1800 54 5.41 112.4 0.5 99.0 
3600 52 5.33 114.8 0.8 98.4 
7200 51 5.35 122.4 1.1 97.8 
10800 51 5.70 131.2 0.9 98.2 
14400 48 5.41 133.4 1.1 97.8 
18000 51 5.42 141.9 1.2 97.6 
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Run #39 Feed solution: 5 g rl lecithin with 50 mg rl lead ion in solution 
pH Conductivity Metal ion 
(lIS cm·l ) (ppm) 
Start 5.61 183.2 48.9 
End 5.69 212 
Operating Conditions 
Cross flow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (DC) 
2.8 100 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m·2 h·l ) (lIS cm·l ) (ppm) 
Metal ion 
300 35 
600 35 
900 34 
1800 34 6.04 133.7 1.3 97.3 
3600 31 5.67 127.4 1.2 97.5 
7200 30 6.06 136.7 1.2 97.5 
10800 30 5.72 143.0 0.9 98.2 
14400 30 5.93 152.8 1.1 97.8 
18000 29 5.88 161.5 1.1 97.8 
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Run #40 Feed solution: 5 g rl lecithin with 50 mg rl lead ion in solution 
pH Conductivity Metal ion 
(!JS cm-I) (ppm) 
Start 5.32 178_1 49.5 
End 5.61 201.0 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kNm-z) (0C) 
2.8 120 29.5 
Permeate 
Time Flux pH Cond. Metal % 
(s) (I m-Zh-1) (!JS cm-I) (ppm) Rejection 
Metal ion 
300 18 
600 17 
900 17 
1800 16 
3600 15 5.74 115.2 0.2 99.6 
7200 14 5.93 121.1 0.6 98.8 
10800 14 5.72 127.4 0.8 98.4 
14400 14 5.71 137.3 1.0 98.0 
18000 14 5.30 142.2 1.0 98.0 
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Run # 41 Feed solution: 5 grl lecithin with 50 mgrl lead ion in solution 
pH Conductivity TC Metal ion 
(lJScmol) (ppm) (ppm) 
Start 6.12 172.1 2438 4903 
End 6.19 . 214.0 3463 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN m02) (OC) 
4.3 60 29.5 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m 02 hOI) (IJS cmol) (ppm) (ppm) TC Metal 
ion 
300 103 
600 105 
900 105 
1800 105 6.22 149.5 213 1.1 91.3 97.8 
3600 103 6.28 158.1 188 1.0 92.3 97.8 
7200 98 6.33 166.0 200 1.1 91.8 97.8 
10800 91 6.43 182.0 195 1.2 92.0 97.6 
14400 90 6.44 187.4 208 1.1 91.5 97.8 
18000 88 6.47 195.6 200 1.1 91.5 97.8 
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Run#42 Feed solution: 5 g r1 lecithin with 50 mg r1 lead ion in solution 
pH Conductivity Metal ion 
(!J.Scm-1) (ppm) 
Start 5.49 182.1 46.7 
End 5.47 204 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m 5-1) (kNm-2) (0C) 
4.3 73 29.7 
Permeate 
Time flux pH Cond. Metal % Rejection 
(5) (I m-2 h-1) (!J.S cm-I) (ppm) Metal ion 
300 68 
600 68 
900 67 
1800 66 5.78 132.5 1.2 97.4 
3600 64 5.51 137.5 1.3 97.2 
7200 62 5.65 137.9 1.4 97.0 
10800 60 5.54 145.9 1.5 96.8 
14400 58 5.45 154.4 1.6 96.6 
18000 56 5.59 165.0 1.4 97.0 
218 
Appendices 
Run #43 Feed solution: 5 grllecithin with 50 mgrllead ion in solution 
PH Conductivity Metal ion 
(~cm·l) (ppm) 
Start 5.73 180.3 50.4 
End 5.84 206.0 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (DC) 
4.3 100 295 
Permeate 
Time F1ux pH Cond. Metal % Rejection 
(s) (I m·2 h·l) (~ cm·l) (ppm) MetaIion 
300 28 
600 28 
900 28 
1800 28 6.25 132.2 0.5 99.0 
3600 26 6.00 136.5 0.6 98.8 
7200 25 6.35 143.7 0.6 98.8 
. 
10800 25 6.35 149.9 0.7 98.6 
14400 25 6.30 156.6 0.8 98.4 
18000 24 6.46 162.2 0.9 98.2 
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Run#44 Feed solution: 5 g rl lecithin with 50 mg rllead ion in solution 
pH Conductivity TC Metal ion 
(~cm'l) (ppm) (ppm) 
Start 5.95 177.8 1053 50.8 
End 5.88 204 1150 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S'I) (kN m'2) (OC) 
4.3 1.25 30 
Penneate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m'2 h'l) (~ cm'l) (ppm) (ppm) TC Metal 
ion 
300 21 
600 22 
900 23 
1800 22 5.98 123.9 104 0.4 90.1 99.2 
3600 23 5.98 128.8 103 0.5 90.2 99.0 
7200 23 6.05 134.7 86 0.6 91.8 98.8 
10800 22 6.11 141.5 85 0.7 91.9 98.6 
14400 23 6.12 148.9 105 0.6 90.0 98.8 
18000 23 6.33 157.4 94 0.6 91.1 98.8 
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Run#45 Feed solution: 5 g rllecithin with 50 mg rl lead ion in solution 
pH Conductivity TC Metal ion 
(JlS cm'l) (ppm) (ppm) 
Start 5,78 189,2 2588 50.9 
End 6.08 217.0 2550 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S'I) (kN m'2) (DC) 
5.5 80 29.5 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (I m'2h'l) (JlS cm·l) (ppm) (ppm) TC Metal 
ion 
300 151 
600 151 
900 149 
1800 145 6.00 163.6 190 1.7 92.7 96.7 
3600 142 5.97 159.3 193 0.9 92.5 98.2 
7200 135 6.00 172.4 180 1.0 93.0 98.0 
10800 135 6.14 282.0 185 0.8 92.9 98.4 
14400 135 6.39 198.2 203 0.8 92.2 98.4 
18000 135 6.22 195.6 190 0.8 92.7 98.4 
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Run #46 Feed solution: 5 g rl lecithin with 50 mg rllead ion in solution 
pH Conductivity TC Metal ion 
(lJ.Scm·1) (ppm) (ppm) 
Start 5.91 180.4 1775 53 
End 6.05 217 2188 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·z) (0C) 
5.5 1.5 30 
Permeate 
Time Flux pH Cond. TC Metal % Rejection 
(s) (1 m·z h·l) (IJ.S cm·l) (ppm) (ppm) TC Metal 
ion 
300 71 
600 71 
900 69 
1800 69 6.02 131.8 98 0.5 94.5 99.1 
3600 71 6.09 137.4 90 0.7 94.9 98.7 
7200 68 6.10 145.6 148 0.7 91.7 98.7 
10800 66 6.28 143.0 100 0.7 94.4 98.7 
14400 66 6.19 153.5 140 0.8 92.1 98.5 
18000 66 6.08 160.0 108 0.9 93.9 98.3 
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Run#47 Feed solution: 5 g r11ecithin with 50 mg r1 lead ions 
pH Conductivity Metal ion 
(~ cm-1) (ppm) 
Start 5.35 166.3 54.4 
End 5.67 192.0 
Operating Conditions 
Crossllow velocity Transmembrane Pressure Temperature 
(m S-l) (kN m-2) (0C) 
4.3 0.6 30 
Permeate 
Time Flux pH Cond_ Metal % 
(s) (I m-2 h-1) (~ cm-1) (ppm) Rejection 
Metal ion 
300 101 
600 101 
900 101 
1800 98 5.52 127.9 0.8 98.5 
3600 93 5.62 131.4 1.7 96.9 
7200 88 5.68 137.9 1.3 97.6 
10800 83 5.88 144.0 1.1 98.0 
14400 79 5.77 149.6 1.0 98.2 
18000 76 6.07 157.5 0.9 98.3 
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APPENDIX X: CROSSFLOW FILTRATION FOR LECITHIN SOLUTIONS 
WITH MIXTURES OF LEAD AND COPPER IONS 
Run # 48 Feed solution: 0.5 g 1'1 lecithin with 10 mg 1'1 each oflead and copper (11) 
ion mixtures in soluiton 
pH Conductivity Metal ion 
(f.IS cm·1) (ppm) 
Pb Cu 
Start 4.39 53.5 10.6 8.4 
End 4.44 60.3 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature (0C) 
(m S'l) (kN m'2) 
4.6 73 28.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m'2h'l) (f.IS cm·1) (ppm) Metal ion 
Pb Cu Pb Cu 
300 177 
600 175 
900 175 
1800 172 4.86 44.6 0.3 2.0 97.2 76.2 
3600 166 4.64 43.7 0.4 2.2 96.2 73.8 
7200 166 4.66 45.5 0.4 2.2 96.2 73.8 
10800 164 4.65 45.7 0.5 2.1 95.3 76.8 
14400 162 4.67 49.8 0.6 2.0 94.3 76.2 
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Run # 49 Feed solution: 1 g rl lecithin with 10 mg rl each oflead and copper (II) 
ion mixtures in solution 
pH Conductivity Metal ion 
(!JS cm-I) (ppm) 
Pb Cu 
Start 3.49 62.5 10.6 8.5 
End 3.42 71.9 
Operating Conditions 
Crossllow velocity Transmembrane Pressure Temperature 
(m S-I) (kN m-2) (OC) 
4.6 0.73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m-2 h-l ) (!JS cm-I) (ppm) Metal ion 
Pb Cu Pb Cu 
300 169 
600 169 
900 169 
1800 166 3.52 50.1 0.2 2.3 98.1 72.9 
3600 151 3.66 48.6 0.2 2.3 98.1 72.9 
7200 139 3.71 52.0 0.3 2.6 97.2 69.4 
10800 139 3.83 56.5 0.4 2.7 96.2 68.4 
14400 139 3.78 56.5 0.4 2.8 96.2 67.1 
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Run # 50 Feed solution: 2 g rl lecithin with 10 mg rl each oflead and copper (11) 
ion mixtures in solution 
pH Conductivity Metal ion 
(J,LS cm-I) (ppm) 
Pb Cu 
Start 4.94 88.3 9.9 8.6 
End 5.23 101.0 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kN m-2) (QC) 
4.6 73 30 
Permeate 
,~ , '., 
Time Flux pH Cond. Metal % Rejection 
(s) (I m-2 h-l ) (J,LS cm-I) (ppm) Metal ion 
Pb Cu Pb Cu 
300 149 
600 144 
900 139 
1800 130 4.99 65.5 0.4 1.8 96.0 79.1 
3600 118 5.11 66.2 0.4 1.7 96.0 80.2 
7200 103 5.19 71.2 0.5 1.4 94.9 83.7 
10800 91 5.19 74.1 0.6 1.1 93.9 87.2 
14400 85 5.31 75.4 0.6 0.8 93.9 90.6 
18000 85 5.30 76.1 0.6 0.7 93.9 91.9 
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Run # 51 Feed solution: 4 g rllecithin with 10 mg rl each of lead and copper (11) 
ions 
pH Conductivity Metal ion 
(~ cmol) (ppm) 
Pb Cu 
Start 5083 136.3 9.9 8.6 
End 5074 154.6 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature (QC) 
(m sol) (kN mOz) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I mOzhOI) (~cmol) (ppm) Metal ion 
Pb Cu Pb Co 
300 135 
600 134 
900 132 
1800 123 5.53 88.6 0.9 2.8 90.9 67.4 
3600 ll5 5.56 91.1 0.8 2.8 91.9 97.4 
7200 105 5.65 96.5 0.8 2.5 91.9 70.9 
10800 96 5.72 101.7 0.8 2.0 91.9 76.7 
14400 90 5.67 108.5 0.8 1.7 91.9 80.2 
18000 86 5.92 111.0 0.8 1.5 91.9 82.6 
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Run # 52 Feed solution: 6 g rllecithin with 10 mg rl each of lead and copper (11) ion 
in solution 
pH Conductivity Metal ion 
(J.lS cm-I) (ppm) 
Pb Cu 
Start 5.65 175.6 10.4 7.8 
End 5.62 194.0 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN m-2) (DC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m-2 h-!) (J.lS cm-I) (ppm) Metal ion 
Pb Cu Pb Cu 
300 132 
600 115 
3000 108 5.74 110.8 0.4 2.6 96.2 66.7 
3600 107 5.66 113.5 0.4 2.6 96.2 66.7 
7200 98 5.62 121.5 0.5 2.2 95.2 71.8 
10800 93 5.61 127.6 0.7 1.8 93.3 76.9 
14400 86 5.49 135.9 0.7 1.5 93.3 80.8 
18000 83 5.67 133.7 0.8 lA 92.3 82.1 
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Run # 53 Feed solution: 8 g rllecithin with 10 mg rl each of lead and copper (11) 
ion mixtures in solution 
pH Conductivity Metal ion 
(~cm-I) (ppm) 
Pb Cu 
Start 5.78 216 10.8 8.5 
End 5.80 256 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kN m-2) (0C) 
4.6 73 30 
Permeate 
Time Flux pH Cond_ Metal % Rejection 
(s) o m-2 h-l) (~S cm-I) (ppm) Metal ion 
Pb Cu Pb Cu 
300 100 
600 100 
900 98 
1800 95 5.57 138.0 0.3 2.7 97.2 68.2 
3600 93 5.59 144.8 0.4 2.5 96.2 70.6 
7200 88 5.61 153.1 0.6 1.9 94.4 77.6 
10800 85 5.57 158.2 0.7 1.7 93.5 80.0 
14400 81 5.60 164.1 0.8 1.5 92.6 82.4 
18000 79 5.62 174.2 0.8 1.4 92.6 83.5 
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Run # 54 Feed solution: 10 g r11ecithin with 10 mg r1 each oflead and copper (II) 
ion mixtures in solution 
pH Conductivity Metal ion 
(J.lS cm·1) (ppm) 
Pb Cu 
Start 5.83 240 11.3 9.1 
End 5.93 283 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·2) (GC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m·2 h·1) (J.lS cm·1) (ppm) Metal ion 
Pb Cu Pb Cu 
300 86 
600 86 
900 86 
1800 86 5.76 154.3 0.4 3.0 96.5 67.0 
3600 83 5.81 160.2 0.5 2.8 95.6 69.2 
7200 78 5.87 173.6 0.6 2.2 94.7 75.8 
10800 74 5.74 183.1 0.7 2.0 93.8 78.0 
14400 74 5.81 196.1 0.7 1.8 93.8 80.2 
18000 74 5.90 202.0 0.8 1.7 92.9 81.3 
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Run # 55 Feed solution: 0.5 g r1 lecithin with 25 mg r1 each of lead and copper (11) 
ion mixtures in solution 
pH Conductivity Metal ion 
(j.tS cm·1) (ppm) 
Pb Cu 
Start 3.78 124.4 28.8 25.3 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·2) (DC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) o m·2 h·1) (j.tS cm·1) (ppm) Metal ion 
Pb Cu Pb Cu 
300 149 
600 149 
900 149 
1800 147 3.99 116.8 3.7 14.1 87.2 44.3 
3600 140 4.00 119.3 4.3 14.0 85.1 44.7 
7200 129 4.19 119.4 3.6 12.9 87.5 49.0 
10800 117 4.00 127.6 3.9 13.3 86.5 47.4 
14400 115 4.64 127.7 3.7 13.0 87.2 48.6 
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Run # 56 Feed solution: 1 g rllecithin with 25 mg rl each of lead and copper (11) ion 
mixtures in solution 
PH Conductivity MetaIion 
(j.tS cm"l) (ppm) 
Pb Cu 
Start 4.30 127.2 26.9 24.5 
End 4.23 138.9 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S"I) (kN m"z) (OC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m"zh"l) (j.tS cm"l) (ppm) Metal ion 
Pb Cu Pb Cu 
300 149 
600 144 
900 147 
1800 144 4.76 118.8 3.3 13.5 87.7 44.9 
3600 134 4.51 117.9 3.3 13.7 87.7 44.1 
7200 117 4.63 120.1 2.7 13.0 90.0 46.9 
10800 112 4.73 124.6 2.7 12.7 90.0 48.2 
14400 110 4.56 123.4 2.7 12.8 90.0 47.8 
18000 108 4.46 126.6 3.1 13.1 88.5 46.5 
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Run # 57 Feed solution: 2 g r1 lecithin with 25 mg r1 each of lead and copper (11) ion 
mixtures in solution 
pH Conductivity Metal ion 
(IJ.S cm-I) (ppm) 
r.P~b~-------'~C~u--------~ 
Start 4.11 142.5 
End 4.28 152.7 
Operating Conditions 
Crossflow velocity 
(m S-l) 
4.6 
Permeate 
Time flux 
(s) (I m-2 h-1) 
300 132 
600 129 
900 130 
1800 127 
3600 125 
7200 122 
10800 120 
14400 117 
18000 115 
Transmembrane pressure 
(kN m-2) 
73 
pH Cond_ Metal 
(IJ.S cm-I) (ppm) 
Pb 
4.91 123.2 1.3 
4.43 124.1 1.4 
4.39 126.4 1.2 
4.46 128.7 1.0 
4.38 131.8 1.0 
4.54 134.4 0.9 
233 
Temperature 
("C) 
29.5 
% Rejection 
Metal ion 
Cu Pb Cu 
10.9 95.2 55.5 
10.1 94.8 58.8 
9.7 95.5 60.4 
9.6 96.3 60.8 
9.6 96.3 60.8 
9.7 96.7 60.4 
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Run # 58 Feed solution: 4 g rllecithin with 25 mg rl each of lead and copper (11) ion 
in solution 
pH Conductivity Metal ion 
(J.1S cm-I) (ppm) 
Pb Cu 
Start 4.27 172.5 27.3 22.5 
End 4.44 198.8 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-l) (kNm-2) (0C) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m-2 h-1) (J.1S cm-I) (ppm) Metal ion 
Pb Cu Pb Cu 
900 117 
1800 115 
3600 112 4.49 148.1 0.7 7.4 97.4 67.1 
7200 105 4.50 147.7 1.0 7.8 96.3 65.3 
10800 101 4.48 148.4 0.8 7.1 97.1 68.4 
14400 96 4.61 151.8 0.8 7.0 97.1 68.9 
18000 93 4.73 165.6 0.6 7.1 97.8 68.4 
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Run # 59 Feed solution: 6 g rllecithin with 25 mg rl each of lead and copper (11) ion 
mixtures in solution 
pH Conductivity Metal ion 
(j.tS cm·l) (ppm) 
Pb Cu 
Start 4.44 217 27.3 22.5 
End 4.51 246 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (OC) 
4.6 73 29.5 
Permeate 
Time flux pH Cond. Metal % Rejection 
(s) (I m·2 h·l) (j.tS cm·l) (ppm) Metal ion 
Pb Cu Pb Cu 
300 93 
600 93 
900 93 
1800 93 4.73 153.8 1.2 6.5 95.6 71.1 
3600 93 4.62 154.7 1.0 6.3 96.3 72.0 
7200 93 4.81 164.4 0.8 6.4 97.1 71.6 
10800 93 4.66 171.6 0.7 6.5 97.4 71.1 
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Run # 60 Feed solution: 8 g r!lecithin with 25 mg rl each of lead and copper (IT) ion 
in solution 
pH Conductivity Metal ion 
(IJS cm"!) (ppm) 
Pb Cu 
Start 5.06 263 25.5 22.3 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S"I) (kN mol) (OC) 
4.6 73 28.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m"lh"!) (IJS cm"!) (ppm) Metal ion 
Pb Cu Ph Cu 
300 
600 
900 
1800 96 5.21 186.4 0.5 6.0 98.0 73.1 
3600 95 5.01 186.6 0.7 5.5 97.3 75.3 
7200 91 5.01 192.2 0.8 5.3 96.9 76.2 
10800 90 5.03 193.6 0.7 5.2 97.3 76.7 
14400 88 5.03 199.1 0.9 5.4 96.5 75.8 
18000 88 5.10 210.0 0.9 5.1 96.5 77.1 
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Run # 61 Feed solution: 10 g rI lecithin with 25 mgrI each oflead and copper (11) 
ion mixtures in solution 
pH Conductivity Metal ion 
(f.IS cm-I) (ppm) 
Pb Cu 
Start 5.31 294 27.1 27.0 
End 5.32 321 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-l) (kN m-z) ("C) 
4.6 73 28.5 
Permeate 
Time Flux pH Cond_ Metal % Rejection 
(s) (I m-Zh-I) (f.IS cm-I) (ppm) Metal ion 
Pb Cu Pb Cu 
300 83 
600 83 
900 83 
1800 81 5.11 204 0.6 7.7 97.8 71.5 
3600 81 5.15 204 0.9 7.8 96.7 71.1 
7200 79 5.12 205 1.0 7.7 96.3 71.5 
10800 79 5.18 210 0.9 7.9 96.7 70.7 
14400 79 5.24 214 1.1 7.8 95.9 71.1 
237 
Appendices 
Run # 62 Feed solution: 0.5 g 1'1 lecithin with 50 mg 1'1 each of lead and copper (11) 
ion mixtures in solution 
pH Conductivity Metal ion 
(J.1S cm·1) (ppm) 
Pb Cu 
Start 3.82 230 56.2 44.4 
End 3.99 246 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S'I) (kNm,2) ("C) 
4.6 73 29.5 
Permeate 
Time flux PH Cond. Metal % Rejection 
(5) (I m'2h'l) (J.1S cm'l) (ppm) Metal ion 
Ph Cu Ph Cu 
300 68 
600 68 
900 68 
1800 63 . 3.83 224 31.7 38,8 43.6 12.6 
3600 64 3.89 224 32.4 39.4 42.3 11.3 
7200 66 3.91 223 31.3 39.3 44.3 11.5 
10800 64 3.98 229 30.7 39.3 45.6 11.5 
14400 64 4.01 243 30.6 39.3 45.6 11.5 
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Run # 63 Feed solution: 1 g rllecithin with 50 mg rl each oflead and copper (11) ion 
mixtures in solution 
PH Conductivity 
(ILS cm"l) 
Start 3.72 226 
End 3.83 254 
Operating Conditions 
Crossflow velocity Transmembrane Pressure 
(m S·l) (kKN m"2) 
4.6 73 
Permeate 
Time Flux pH Cond. Metal 
(s) (I m"2h"1) (l!Scm-1) (ppm) 
Pb 
300 93 
600 90 
900 85 
1800 76 4.05 220 26.4 
3600 68 3.87 221 25.0 
7200 68 3.81 226 22.3 
10800 66 3.80 225 21.3 
14400 63 3.87 230 19.9 
18000 59 3.89 242 19.7 
239 
Metal ion 
(ppm) 
Pb 
46.3 
Cu 
38.0 
38.5 
38.4 
38.6 
38.3 
38.8 
Cu 
44.8 
Temperature 
(0C) 
29.5 
% Rejection 
Metal ion 
Pb Cu 
43.0 15.2 
46.0 14.1 
51.8 14.3 
54.0 13.8 
57.0 14.5 
57.0 13.4 
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Run # 64 Feed solution: 2 g rl lecithin with 50 mg rl each of lead and copper (11) 
ions mixtures in solution 
pH Conductivity Metal ion 
(J.lS cm-I) (ppm) 
Pb Cu 
Start 3.74 240 45.1 45.3 
End 3.81 245 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature (QC) 
(m S-I) (kN m-2) 
4.6 73 29.5 
. 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m-2 h-l ) (J.lS cm-I) (ppm) Metal ion 
Pb Cu Ph Cu 
300 95 
600 90 
900 86 
1800 76 4.37 228 16.8 38.5 62.7 15.0 
3600 64 3.97 230 15.9 36.6 64.7 19.2 
7200 59 3.90 236 13.9 34.5 69.2 23.8 
10800 57 3.99 236 13.1 33.8 71.0 25.4 
14400 54 4.03 230 11.6 33.4 74.2 26.3 
18000 54 3.98 238 10.2 33.3 77.4 26.5 
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Run # 65 Feed solution: 4 g rllecithin with 50 mg rl each of lead and copper 
(11) ion mixtures in solution 
pH Conductivity Metal ion 
. (J.1S cm·l) (ppm) 
Pb Cu 
Start 3.99 266 44.9 44.8 
End 4.10 283 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (GC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m·2 h·l) (J.1S cm·l) (ppm) Metal ion 
Pb Cu Pb Cu 
300 110 
600 110 
900 107 
1800 103 4.12 254 5.0 26.6 88.9 40.6 
3600 93 4.17 256 3.6 24.9 92.0 44.4 
7200 88 4.17 258 3.3 23.9 92.7 46.7 
10800 85 4.09 257 3.3 23.4 92.7 47.8 
14400 81 4.17 258 2.9 23.1 93.5 48.4 
18000 79 4.16 257 2.9 22.8 93.5 49.1 
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Run # 66 Feed solution: 6 g r 1 lecithin with 50 mg r1 each of lead and copper (11) ion 
in solution 
pH Conductivity Metal ion 
(~S cm·1) (ppm) 
Pb Cu 
Start 3.89 302 48.1 45.3 
End 3.99 347 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·2) (0C) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m·2 h·1) (pS cm·1) (ppm) Metal ion 
Pb Cu Pb Cu 
300 101 
600 101 
900 100 
1800 95 4.08 299 3.2 24.4 93.3 46.1 
3600 90 4.03 295 2.7 23.0 94.0 49.2 
7200 85 4.05 298 2.5 22.5 94.8 50.3 
10800 81 4.05 293 2.4 22.2 95.0 51.0 
14400 78 4.10 305 2.4 22.4 95.0 50.6 
18000 78 4.10 317 2.3 22.0 95.2 51.4 
. 
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Run # 67 Feed solution: 8 g rl lecithin with 50 mg rl each of lead and copper (11) ion 
mixtures in solution 
pH Conductivity Metal ion 
(J.1S cm,l) (ppm) 
Pb Cu 
Start 4,48 333 44.2 48.8 
End 4.60 355 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S,I) (kN m,2) (OC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m,2 h,l) (J.1S cm,l) (ppm) Metal ion 
Pb Cu Pb Cu 
300 88 
600 88 
900 88 
1800 86 4.69 302 1.8 19.7 95.9 59.6 
3600 86 4.63 307 1.7 19.5 96.2 60.0 
7200 85 4.70 311 1.4 19.6 96.8 59.8 
10800 83 4.83 314 1.3 19.3 97.1 60.5 
14400 83 4.66 318 1.4 19.5 96.8 60.0 
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Run # 68 Feed solution: 10 g r1 lecithin with 50 mg r1 each oflead and copper (11) 
ion mixtures in solution 
pH Conductivity Metal ion 
(~ cm·1) (ppm) 
Pb Cu 
Start 4.81 356 44.9 44.5 
End 4.84 406 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·2) ("C) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal % Rejection 
(s) (I m·2 h·1) (~cm·1) (ppm) Metal ion 
Pb Cu Pb Cu 
300 73 
600 73 
900 71 
1800 73 5.18 307 1.0 15.7 97.8 64.7 
3600 69 5.11 306 1.4 15.1 96.9 66.1 
7200 68 4.99 311 1.4 15.1 96.9 66.1 
10800 68 5.00 316 1.4 14.9 96.9 66.5 
14400 68 5.01 331 1.3 14.9 97.1 66.5 
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APPENDIX XI: CROSSFLOW FILTRATION TRIALS AT VARIOUS 
OPERATING CONDITIONS FOR LECITHIN SOLUTIONS WITH MIXTURES 
OF LEAD AND COPPER IONS 
Run # 69 Feed solution: 5 g rl lecithin with 50 mg rl each of lead and copper (11) ion 
mixtures in solution 
pH Conductivity Metal ion 
(J.1S cm-I) (ppm) 
Pb Cu 
Start 4.21 284 45.1 43.7 
End 4.32 320 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature (OC) 
(ms-I) (kN m-2) 
1.7 73 29.5 
Permeate 
Time Flux pH Cond_ Metal % Rejection 
(s) (I m-2 h-l ) (J.1S cm-I) (ppm) Metal ion 
Pb Cu Pb Cu 
600 20 
900 20 
1800 20 6.55 291 0.6 15.7 98.7 64.1 
3600 19 5.08 263 1.3 23.0 97.1 47.4 
7200 18 4.61 259 1.9 20.5 95.8 53.1 
10800 19 4.60 262 2.1 19.7 95.3 54.9 
14400 19 4.60 265 2.1 20.1 95.3 54.0 
18000 19 4.55 276 2.2 19.8 95.1 54.7 
245 
Appendices 
Run # 70 Feed solution: 5 g rl lecithin with 50 mg rl each of lead and copper (11) ion 
mixtures in solution 
pH Conductivity Metal ion 
(IJ.S cm'l) (ppm) 
Pb Cu 
Start 4.12 281 43.4 44.8 
End 4.32 334 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S'I) (kN m'2) (DC) 
2.8 73 29.5 
Permeate 
Time Flux PH Cond, Metal % Rejection 
(s) (I m'2 h'l) (IJ.S cm'l) (ppm) Metal ion 
Pb Cu Pb Cu 
300 
600 
900 
1800 
3600 46 4.44 256 2.2 19.9 94.9 55.5 
7200 46 4.40 262 2.1 20.7 95.2 53.8 
10800 45 4.43 271 2.3 21.0 94.7 53.1 
14400 45 4.40 281 1.7 20.5 96.1 54.2 
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Run # 71 Feed solution: 5 g r11ecithin with 50 mg r 1 each of lead and copper (11) ion 
mixtures in solution 
pH Conductivity Metal ion 
(J.1S cm'!) (ppm) 
Pb Cu 
Start 4.02 271 44.1 44.6 
End 4.13 308 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·2) ("C) 
4.6 73 29.5 
Penneate 
Time Flux PH Cond. Metal % Rejection 
(s) (I m·2 h·1) (J.1S cm'!) (ppm) Metal ion 
Pb Cu Pb Cu 
300 95 
600 95 
900 93 
1800 93 4.18 247 2.0 19.6 95.5 56.1 
3600 90 4.24 248 2.1 19.3 95.2 56.7 
7200 86 4.22 252 2.1 19.6 95.2 56.1 
10800 85 4.28 255 2.3 19.7 94.8 55.8 
14400 85 4.35 266 2.7 20.2 93.8 54.7 
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Run # 72: 5 g rllecithin with 50 mg rl each of lead and copper (11) ion mixtures in 
solution 
pH Conductivity Metal ion 
(f.IS cm·l) (ppm) 
Pb Cu 
Start 3.94 269 47.9 46.1 
End 4.11 303 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature (0C) 
(m S·I) (kN m·2) 
4.6 49 29.5 
Permeate· 
Time Flux PH Cond. Metal % Rejection 
(s) (I m·2 h·l) (f.IS cm·l) (ppm) Metal ion 
Pb Cu Pb Cu 
300 120 
600 115 
900 113 
1800 105 4.14 261 3.9 26.4 91.9 42.7 
3600 90 4.24 259 3.3 24.4 93.1 47.1 
7200 85 4.21 260 3.1 24.3 93.5 47.3 
10800 79 4.18 260 3.1 23.8 93.5 48.4 
14400 74 4.21 264 3.0 23.4 93.7 49.2 
18000 73 4.23 274 2.7 23.0 94.4 50.1 
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Run # 73 Feed solution: 5 g rllecithin with 50 mg rl each of lead and copper (11) ion 
mixtures in solution 
pH Conductivity Metal ion 
(J.lS cm,l) (ppm) 
Pb Cu 
Start 3.82 278 46.6 45.9 
End 3.96 310 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(ms,l) (kN m,2) (OC) 
4.6 102 29.5 
Permeate 
Time Flux pH Cond, Metal % Rejection 
(s) (I m,2 h,l) (J.lS cm,l) (ppm) Metal ion 
Pb Cu Pb Co 
300 52 
600 52 
900 51 
1800 51 4.65 257 1.9 28.3 95.9 38.3 
3600 50 4.12 259 2.9 23.3 93.8 49.2 
7200 50 4.16 261 2.4 22.9 94.8 50.1 
10800 50 4.12 270 2.1 22.9 95.5 50.1 
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APPENDIX XI: CROSSFLOW FIL TRA TION FOR LECITHIN SOLUTIONS 
WITH MIXTURES OF LEAD, COPPER AND CADMIUM IONS 
Run # 74 Feed solution: 2 g rllecithin with 10 mg rl each of lead, copper and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(!JS cm·l) '""'P=b:----...,.,C:-u---...,.,C=-d=-----I 
Start 5.37 
End 5.64 
Operating Conditions 
Crossflow velocity 
(m S·I) 
4.6 
Permeate 
Time Flux 
(s) (I m·2 h·l) 
300 144 
600 140 
900 135 
1800 140 
3600 135 
7200 129 
10800 129 
14400 129 
18000 129 
pH 
5.85 
5.50 
5.48 
5.43 
5.48 
115.8 7.6 9.6 6.2 
127.9 
Transmembrane Pressure Temperature 
(kN m·2) (DC) 
73 29.0 
Cond. Metal ion % Rejection of metal 
(!JS cm·l) (ppm) ion 
Pb Cu Cd Pb Cu Cd 
. 
89.7 0.1 3.2 0.3 98.7 66.7 95.2 
83.4 0.2 2.8 0.5 97.4 70.8 91.9 
82.7 0.2 2.4 0.4 97.4 75.0 93.5 
82.9 0.3 2.4 0.4 96.1 75.0 93.5 
84.6 0.2 2.5 0.3 97.4 74.0 95.2 
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Run # 75 Feed solution: 4 g rl lecithin with 10 mg r1 each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(!JS cm·1) Ph Cu Cd 
Start 5.41 158.0 9.1 8.3 6.3 
End 5.62 176.1 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (OC) 
4.6 73 29.0 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m·2 h·1) (!JS cm'!) (ppm) metal ion 
Ph Cu Cd Ph Cu Cd 
300 139 
600 142 
900 144 
1800 139 5.76 108.5 0.5 2.6 0.02 94.5 68.7 99.7 
3600 137 5.43 106.6 0.6 2.1 0.05 93.4 74.7 99.2 
7200 132 5.46 104.3 0.6 2.4 0.07 93.4 71.1 98.9 
10800 130 5.54 103.1 0.6 1.7 0.05 93.4 79.5 99.2 
14400 127 5.53 103.8 0.7 1.7 0.05 92.3 79.5 99.2 
18000 127 5.56 107.2 0.8 2.1 0.03 91.2 74.7 99.5 
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Run # 76 Feed solution: 6 g rIlecithin with 10 mg rI each oflead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(IlS cm-I) Pb Cu Cd 
Start 5.37 184.9 6.5 6.0 7.2 
End 5.42 209.0 
Operating Conditions 
Crossllow velocity Transmembrane Pressure Temperature 
(ms-I) . (kN m-2) (OC) 
4.6 73 29.0 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m-2 h·I) (J.1S cm-I) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 112 
600 112 
900 112 
1800 110 5.86 117.6 0.3 1.3 0.01 95.4 78.3 99.9 
3600 110 5.46 116.0 0.3 1.5 0.02 95.4 75.0 99.7 
7200 107 5.42 119.7 0.5 1.0 0.02 92.3 83.3 99.7 
10800 107 5.51 120.8 0.7 1.1 0.02 89.2 81.7 99.7 
14400 107 5.39 127.7 0.7 1.2 0.02 89.2 80.0 99.7 
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Run # 77 Feed solution: 8 g r1lecithin with 10 mg r1 each of lead, copper (lI) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(J!S cm-I) Pb Cu Cd 
Start 5048 260 7.0 5.6 7.0 
End 5.50 235 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-l) (kNm·2) ("C) 
4.6 73 29.0 
Permeate 
Time Flux pH Cond_ Metal ion % Rejection of 
(s) (I m-2h-1) (J!S cm-I) (ppm) metal ion 
Pb Cu Cd Pb Cn Cd 
300 88 
600 88 
900 90 
1800 88 5.67 149.9 0.4 1.3 0 94.3 76.8 100 
3600 88 5040 149.4 0.6 1.4 0 91.4 75.0 100 
7200 85 5045 148.5 0.8 1.7 0 88.6 69.6 100 
10800 88 5.33 151.6 0.8 1.1 0 88.6 8004 100 
14400 88 5043 152.4 0.8 0.9 0 88.6 83.9 100 
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Run # 78 Feed solution: 10 g rl lecithin with 10 mg rl each oflead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(!!S cm·l ) Pb Cu Cd 
Start 5.70 210 5.2 6.0 7.7 
End 5.68 214 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kNm·2) (OC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m·2 h·l ) (!!S cm·l ) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 79 
600 81 
900 81 
1800 81 6.13 147.8 0.3 0.7 0 94.2 88.3 100 
3600 81 5.53 151.0 0.4 0.9 0.01 92.3 85.0 99.9 
7200 81 5.57 152.4 0.5 0.8 0.01 90.4 86.7 99.9 
10800 81 5.53 152.4 0.5 0.7 0.01 90.4 88.3 99.9 
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Run # 79 Feed solution: 2 g rl lecithin with 20 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(J.1S cm-I) Pb Cu Cd 
Start 4.26 157.7 19.8 18.3 15.6 
End 4.73 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kN m-2) (OC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond_ Metal ion % Rejection of 
(s) (I m-2 h-l ) (J.1S cm-I) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
. 
300 144 
600 139 
900 134 
1800 130 4.76 148.8 1.5 11.3 8.6 92.4 38.3 44.9 
3600 120 4.42 141.7 1.8 10.8 8.3 90.9 41.0 46.8 
7200 113 4.48 141.9 1.4 10.8 7.8 92.9 41.0 50.0 
10800 108 4.59 141.4 1.3 10.5 7.3 93.4 42.6 53.2 
14400 105 4.81 143.1 1.0 10.6 7.1 94.9 42.1 54.5 
18000 101 4.83 143.1 0.8 10.2 6.8 96.0 44.3 56.4 
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Run # 80 Feed solution: 4 g rl lecithin with 20 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(!!S cm-I) Pb Cu Cd 
Start 4.42 239 19_0 223 17_8 
End 4_66 247 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kNm-2) (QC) 
4.6 73 29.5 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m-2 h-l ) (IlS cm-I) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 135 
600 135 
900 135 
1800 132 4.89 223 1.4 13.7 5.8 92.6 38.6 67.4 
3600 127 4.77 223 1.8 11.8 5.5 90.5 47.1 69.1 
7200 123 4.64 222 1.2 12_1 5.0 93.7 45.7 71.9 
10800 122 4.76 224 0.9 11.5 4.8 95.3 48.4 73.0 
14400 120 4.76 223 0.9 11.0 4.5 953 50_7 74.7 
18000 120 4.79 223 0.9 12_3 4.2 95.3 44.8 76.4 
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Run # 81 Feed solution: 6 g rl lecithin with 20 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(pS cmol) Pb Cu Cd 
Start 4079 264 1706 20.8 17.7 
End 4.99 277 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m sol) (kN m02) ("C) 
4.6 73 29.0 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m02 hOI) (~ cmol) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 122 
600 123 
900 123 
1800 122 5.33 244 1.4 10.9 2.3 92.0 47.6 87.0 
3600 117 5.18 244 0.9 10.4 2.1 94.9 50.0 88.1 
7200 113 5.20 238 0.6 8.5 1.9 96.6 59.1 89.3 
10800 112 5.16 241 0.9 10.1 1.8 94.9 51.4 89.8 
14400 110 5.10 240 0.7 9.5 1.6 96.0 54.3 91.0 
18000 108 5.09 240 0.5 9.3 1.4 97.2 55.3 92.1 
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Run # 82 Feed solution: 8 g r1 lecithin with 20 mg r1 each of lead, copper (11) and 
cadmium ions 
pH 
Start 5.14 
End 5.47 
Operating Conditions 
Crossflow velocity 
(m S·l) 
4.6 
Permeate 
Time Flux 
(s) (I m·2 h·1) 
300 93 
600 98 
900 98 
1800 98 
3600 96 
7200 93 
10800 91 
14400 90 
18000 88 
pH 
5.45 
5.47 
5.30 
5.41 
5.30 
5.40 
Conductivity 
(J.1S cm·1) 
279 
303 
Metal ions (ppm) 
Pb Cu 
19.7 21.4 
Cd 
15.6 
Transmembrane Pressure Temperature 
(kN m·2) (DC) 
73 29.0 
Cond. Metal ion % Rejection of 
(J.1S cm·1) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
232 0.4 8.2 0.7 98.0 61.7 95.5 
227 0.9 9.4 0.8 95.4 56.1 94.9 
223 0.7 7.2 0.6 96.4 66.4 96.2 
226 0.8 7.2 0.6 95.9 66.4 96.2 
230 0.9 7.4 0.6 95.4 65.4 96.2 
237 1.0 7.7 0.5 94.9 64.0 96.8 
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Run # 83 Feed solution: 10 g rllecithin with 20 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (mg r') 
(~ cm·l) Pb Cu Cd 
Start 6.09 315 15.3 15.2 17.4 
End 5.98 326 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·2) (DC) 
4.6 73 29.0 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m·2 h·l) (~ cm·l) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 79 
600 83 
900 83 
1800 83 6.08 253 0.9 4.9 0.2 94.1 67.8 98.9 
3600 83 5.96 253 0.4 3.1 0.2 97.4 79.6 98.9 
7200 81 6.02 252 0.6 3.4 0.3 96.1 77.6 98.3 
10800 81 6.04 244 0.8 3.8 0.3 94.8 75.0 98.3 
14400 79 6.02 250 1.1 4.0 0.3 92.8 73.7 98.3 
18000 78 5.90 252 0.8 3.1 0.2 94.8 79.6 98.9 
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Run # 84 Feed solution: 2 g rllecithin with 50 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(!J.S cm'l) Pb Cu Cd 
Start 3,86 340 43.3 44.4 32,7 
End 4,51 347 
Operating Conditions 
Crossl1ow velocity Transmembrane Pressure Temperature 
(m S'I) (kN m'2) ("C) 
4.6 73 29 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (l m'2h'l) (!J.S cm'l) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 118 
600 112 
900 107 
1800 105 4.34 341 10.4 35.1 25.9 76.0 20.9 20.8 
3600 90 4.20 342 9.4 33.8 25.1 78.3 23.9 23.2 
7200 83 4.23 344 7.4 32.6 24.5 82.9 26.6 25.1 
10800 79 4.32 348 6.3 32.5 23.9 85.5 26.8 26.9 
14400 74 4.44 346 5.2 31.9 23.8 88.0 28.2 27.2 
18000 69 4.56 352 4.7 30.9 23.1 89.1 30.4 29.4 
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Run # 85 Feed solution: 4 g rl lecithin with 50 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (mgrl) 
(J.1S cm·l) Pb Cu Cd 
Start 3.91 329 47.6 48.7 50.2 
End 4.17 362 
Operating Conditions 
Crossl1ow velocity Transmembrane Pressure Temperature 
(m S·I) (kNm·2) (OC) 
4.6 73 29.0 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (1 m·2 h·l) (J.1S cm·l) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 125 
600 123 
900 123 
1800 120 4.36 336 
3600 117 4.12 337 3.7 32.2 20.6 92.2 33.9 59.0 
7200 112 4.20 339 3.8 30.9 20.6 92.0 36.6 59.0 
10800 101 4.31 342 3.5 33.6 19.6 92.6 31.0 60.9 
14400 96 4.22 342 2.6 32.6 19.6 94.5 33.1 60.9 
18000 90 4.20 344 2.3 31.7 19.7 95.2 34.9 60.8 
18000 86 4.30 358 2.1 32.3 20.8 95.6 33.7 58.6 
261 
, 
Appendices 
Run # 86 Feed solution: 6 g rl lecithin with 50 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(~ cm-I) Pb Cu Cd 
Start 3.98 343 47.6 48.7 50.2 
End 4.39 361 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kNm-2) ("C) 
4.6 73 30.0 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m-2 h-l ) (J.1.S cm-I) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 112 
600 112 
900 110 
1800 108 4.20 373 5.9 32.3 14.6 87.6 33.7 70.9 
3600 107 4.34 374 4.5 30.6 13.3 90.5 37.2 73.5 
7200 103 4.20 364 2.8 29.6 12.3 94.1 39.2 75.5 
10800 101 4.38 370 2.8 28.9 11.8 94.1 68.5 76.5 
14400 96 4.48 371 2.2 29.6 11.5 95.4 39.2 77.1 
18000 95 4.46 374 1.9 29.8 11.3 96.0 38.8 77.5 
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Run # 87 Feed solution: 8 g rl lecithin with 50 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(1lS cm'l) Pb Cu Cd 
Start 4,28 399 47,6 48.8 50.2 
End 4.40 390 
Operating Conditions 
Crossllow velocity Transmembrane Pressure Temperature 
(m S'I) (kN m'2) ("C) 
4.6 73 28.5 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m'2h'l) (1lS cm'l) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 76 . 
600 76 
900 74 
1800 71 4.60 379 2.0 23.9 5.2 96.8 51.0 89.6 
3600 68 4.48 383 1.2 24.7 5.6 98.1 49.4 88.8 
7200 66 4.48 384 1.3 25.3 5.4 97.9 48.2 89.2 
10800 66 4.54 389 1.1 25.2 5.4 98.2 48.4 89.2 
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Run # 88 Feed solution: 10 g rllecithin with 50 mg rl each oflead, copper (Il) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(J.1S cm-I) Pb Cu Cd 
Start 4_16 398 47.6 48.8 50.2 
End 4.39 443 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kN m-2) (QC) 
4.6 73 29.0 
Permeate 
Time Flux pH Coud_ Metal ion % Rejection of 
(s) o m-2 h-l) (J.1S cm-I) (ppm) metal ion 
Pb Cu Cd Pb Cn Cd 
300 76 
600 76 
900 74 
1800 74 4.35 429 3.1 23.4 5.8 95.1 52.0 88.4 
3600 76 4.31 434 3.6 22.5 5.3 94.2 53.9 89.4 
7200 76 4.36 433 2.4 23.2 4.7 6.1 52.5 90.6 
10800 73 4.40 440 2.7 22.1 4.6 95.7 54.7 90.8 
14400 73 4.43 439 1.1 21.3 5.9 98.2 56.4 88.2 
18000 73 4.45 459 1.8 24.1 4.3 97.1 50.6 91.4 
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APPENDIX XII: CROSSFLOW FILTRATION TRIALS AT VARIOUS 
OPERATING CONDITIONS FOR LECITHIN SOLUTIONS WITH MIXTURES 
OF LEAD, COPPER AND CADMIUM IONS 
Run # 89 Feed solution: 5 g rl lecithin with 50 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(J.1S cm·l ) Pb Cu Cd 
Start 4.25 332 42.2 50.1 34.2 
End 4.68 332 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m·l ) (0C) 
4.6 65 29.0 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m·2 h·l ) (J.1S cm·l ) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 112 
600 115 
900 115 
1800 113 4.39 341 1.6 16.7 13.9 96.2 66.6 59.4 
3600 110 4.35 339 1.3 17.4 13.4 96.9 65.3 60.8 
7200 100 4.39 333 1.1 16.7 12.4 97.4 66.7 63.7 
10800 93 4.42 325 1.1 17.4 11.7 97.4 65.3 65.8 
14400 88 4.77 328 1.0 15.3 10.9 97.6 69.5 68.1 
18000 85 4.84 329 0.7 15.4 10.2 98.3 69.3 70.2 
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Run # 90 Feed solution: 5 g rl lecithin with 50 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(ILS cm'l) Pb Cu Cd 
Start 4.17 365 33.7 46.4 35.8 
End 4.40 378 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(ms'l) (kN m'2) (DC) 
4.6 73 29.0 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m'2h'l) (j.iS cm'l) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 96 
600 96 
900 95 
1800 90 4.96 369 1.8 26.2 21.1 94.7 43.5 41.1 
3600 85 4.45 368 2.1 26.5 19.9 93.7 42.3 44.4 
7200 78 4.43 374 1.8 29.3 18.6 94.7 36.9 48.0 
10800 78 4.50 378 1.3 25.6 17.5 96.1 44.8 51.1 
14400 76 4.66 374 1.4 26.3 17.0 95.8 43.3 52.5 
18000 73 4.57 381 1.2 25.7 16.2 96.4 44.6 54.7 
266 
---------- -----
Appendices 
Run # 91 Feed solution: 5 g r1 lecithin with 50 mg r1 each of lead, copper (11) and 
cadmium ions 
PH Conductivity Metal ions 
(J.1S cm·1) (ppm) 
Pb Cu Cd 
Start 4.23 365 35.5 44.5 34.2 
End 4.51 375 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·l) (kNm·2) ("C) 
4.6 100 29.5 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m·2 h·1) (J.1S cm·1) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 63 
600 63 
900 64 
1800 63 5.08 360 1.8 25.5 19.0 94.9 42.7 44.4 
3600 61 5.35 346 1.2 20.1 16.0 96.6 54.8 53.2 
7200 59 4.64 361 1.3 22.7 16.3 96.3 49.0 52.3 
10800 57 4.63 364 1.0 22.6 15.4 97.2 49.2 55.0 
14400 57 4.86 363 1.0 22.8 14.9 97.2 48.8 56.4 
18000 56 4.64 366 0.9 23.6 14.5 97.5 47.0 57.1 
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Run # 92 Feed solution: 5 g rl lecithin with 50 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (ppm) 
(jJS cmol) Pb Cu Cd 
Start 3090 364 34.8 42.5 28.2 
End 4.11 
Operating Conditions 
Crossl1ow velocity Transmembrane Pressure Temperature 
(m sol) (kN m02) ("C) 
4.6 107 28.5 
Permeate 
Time Flux pH Condo Metal ion % Rejection of 
(s) (I m·2hOI) (jJS cmol) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 74 
600 73 
900 71 
1800 71 4.20 368 2.6 30.5 13.6 92.5 28.2 51.2 
3600 59 4.03 362 2.0 27.7 12.3 94.3 34.8 56.4 
7200 56 4.10 3110 2.5 27.9 11.7 92.8 34.3 58.5 
10800 52 4.16 361 1.6 26.1 10.9 95.4 38.3 61.3 
14400 51 4.19 361 1.9 26.7 10.6 94.5 37.2 62.4 
18000 49 4.19 363 1.6 25.9 10.3 95.4 39.0 63.5 
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Run # 93 Feed solution: 5 g rllecithin with 50 mg r 1 each of lead, copper (11) and 
cadmium ions 
PH Conductivity Metal ions (ppm) 
(~ cm-I) Pb Cu Cd 
Start 4.21 356 45_0 44.2 29_6 
End 4.54 361 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S-I) (kN m-2) ("C) 
1.7 73 30 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of 
(s) (I m-2 h-l) (~cm-l) (ppm) metal ion 
Pb Cu Cd Pb Cll Cd 
300 54 
600 54 
900 30 
1800 27 4.98 348 2.7 25.2 9.4 94_0 43_0 68_2 
3600 27 4_67 349 4.5 26_5 9_6 90_0 40.0 67.6 
7200 27 4.59 349 3.2 28.4 10.2 92_9 35_7 65.5 
, 
10800 27 4.58 353 2_0 24_6 9.1 95_6 44.3 69.3 
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Run # 94 Feed solution: 5 g rl lecithin with 50 mg rl each of lead, copper (11) and 
cadmium ions 
pH Conductivity Metal ions (mgr1) 
(IJ.S cm"l) Pb Cu Cd 
Start 4.04 376 36.3 46.2 35.4 
End 4.20 382 
Operating Conditions 
Crossflow velocity Transmembrane Pressure Temperature 
(m S·I) (kN m"z) (DC) 
1.7 73 30 
Permeate 
Time Flux pH Cond. Metal ion % Rejection of . 
(s) (I m,zh·l) (IJ.S cm·l) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 64 
600 63 
900 63 
1800 61 4.72 384 2.4 27.1 20.2 93.4 41.3 42.9 
3600 59 4.32 379 2.2 25.4 18.7 93.9 45.0 47.2 
7200 59 4.25 388 1.5 25.5 16.7 95.9 44.8 52.8 
10800 57 4.25 383 1.6 25.2 17.5 95.9 45.5 50.6 
14400 56 4.35 381 1.5 22.2 17.7 95.9 51.9 50.0 
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APPENDIX XIII: CROSSFLOW FILTRATION FOR PURE WATER 
Run # 95: Pure water 
Crossllow velocity Transmembrane Pressure Temperature 
(m S·l) (kN m·z) ("C) 
4.6 73 29.0 
Permeate 
Time F1ux pH Cond. Metal ion % Rejection of 
(s) (I m·Zh·1) (J.lS cm·1) (ppm) metal ion 
Pb Cu Cd Pb Cu Cd 
300 474 - - - - - - - -
600 379 - - - - - - - -
900 365 - - - - - - - -
1800 325 - - - - - - - -
3600 274 - - - - - - - -
9000 227 - - - - - - - -
10800 233 - - - - - - - -
12600 227 - - - - - - - -
14400 216 - - - - - - - -
16200 223 - - - - - - - -
19800 201 - - - - - - - -
27000 201 - - - - - - - -
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The raw data used for the model calculation is given in Table 7.1 below. 
Table 7.1: Data used for the development of permeate flux model 
Operating parameter Value 
Pure water flux 10 2011 m-"h-' 
-
Viscosity of water ~ at 30°C 0.0007975 kg m-' s-' 
Transmembrane pressure (TMP) 73 kNm-· 
Density of lecithin 1.115 g cm-I 
Membrane resistance 1.64 x 10'· m-' 
Length of membrane 0.565 m 
Hydraulic diameter of membrane (dh) 0.006685 m 
Calculation of the hydraulic diameter 
The hydraulic diameter is given by the equation 
d = 4A 
h P 
where 
A - cross-sectional area of the membrane 
P - perimeter of the membrane 
Calculation of cross sectional area 
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(7.1) 
The cross section of the tubular membrane is star shaped as shown in Figure 7.1. 
The cross section of the tubular membrane could be assumed to consist of 6 triangles and 
an inner circle. 
Thus the area is given by 
Circle = it ~ = 3.14 (0.4) 2 = 0.5024 cm2 
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Area of one triangle = 0.5 (0.3) (0.4) = 0.06 cm2 
Therefore the area for the six triangle is 6 (0.06) = 0.36 cm2 
Total area =0.5024 + 0.36 = 0.8624 cm2 
Calculation of the perimeter 
One side of the triangle can be calculated from the Pythagoras theorem 
y = (0.152 + 0.42 ) 0.5 
=0.43 cm 
thus the perimeter P = 12 (0.43) = 5.16 m 
The hydraulic diameter is 
= 4 (0.8624)/ (5.16) 
= 0.66853 cm 
= 0.006685 m 
Shear rate 
The shear rate (r) is given by 
8v Y=-
dh 
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(7.2) 
where v is the crossflow velocity of the feed solution which was measured to be 4.6 m S·l 
y = 8 ( 4.6) / ( 0.006685) 
= 5504.86 S·l 
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Figure 7.1 A slide showing the tubular ceramic membrane 
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APPENDIX XV: CALIBRATION CURVE FOR CARBON ANALYZER 
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Figure 7.2: Calibration curve: Total carbon concentration versus lecithin concentration 
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